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ABSTRACT
A FACILE CONVERSION OF BETA-KETO CARBONYL COMPOUNDS TO 
ALPHA, BETA-UNSATURATED-GAMMA-OXO CARBONYL SYSTEMS
and
A STUDY OF KETAL-DERIVED OXONIUM YLIDES
by
Matthew D. Ronsheim 
University of New Hampshire, September 2002
An efficient method for the conversion o f versatile P-keto carbonyl compounds to the 
corresponding a,P-unsaturated-y-oxo carbonyl structural units was developed. This 
methodology was applied to P-keto esters, amides and lactones. In most cases generation 
o f the olefinic functionality proceeded with complete £-selectivity. The utility o f  this 
chemistry was demonstrated through a formal synthesis o f  £-(-)-pyrenophorin, an 
asymmetric total synthesis of (+)-patu!olide A and a racemic synthesis o f patulolide B. 
An extensive study o f  ketal-derived oxonium ylides and the subsequent rearrangement 
was also accomplished. The application o f this chemistry was applied to Bu-2313 and a 
unique class o f compounds known as the hyperolactones.
xxv
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CHAPTER I
CONVERSION OF p-KETO CARBONYL COMPOUNDS TO a,p- 
UNSATURATED-^KETO CARBONYL SYSTEMS
A. Introduction
A large number o f natural products that possess an a,P-unsaturated-y-keto ester or 
a,p-unsaturated-y-hydroxy ester structural unit have been reported in the literature. 
Compounds such as patulolide A l , 1 pyrenophorin 2, 2 cytochalasin-A 3 , 3 vermiculin 4,4 
colletodiol 5 , 5 grahamimycin A 6 , 6 ingramycin 7 , 7 aspicilin 8 , 8 macrosphelides A 9 and 
B 10, 9 brefeldin A l l , 10 cladospolide D 1211 (Figure 1) are only a few o f the naturally 
occuring macrocyclic compounds that possess one o f these functional groups. In 
response to the abundance o f natural products reported in the literature that contain this 
structural unit and the presumed rich reactivity o f this functional group, the synthetic 
community has invested significant effort in the development o f  methods for the 
synthesis o f a,P-unsaturated-y-dicarbonyl compounds.
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Figure 1: Natural Products Containing a,P-Unsaturated-y-Carbonyl or Hydroxy
Structural Units
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1. Methods o f Formation of a,P-Unsaturated-l,4-Dicarbonyl Compounds
The first method developed for the preparation o f these systems utilized 
photochemical or enol bromination o f readily available y-keto esters 13 to form the a -  
bromo-y-oxoester 14. Elimination was induced by treatment with an appropriate base. 
The a,P-unsaturated-y-keto ester systems were formed with exclusive £-olefin geometry 
15 (Scheme l ) .12
o o Et,N o
R ■ 6 , 2  ► « V / S'  ' V '
o CHCI3 Br o NaOAc o
hv 1413 14 15
Scheme 1: Formation o f a,P-Unsaturated-y-Keto Esters Via Bromination and
Elimination Chemistry
Although this method provides a very simple and high yielding method to 
produce this structural unit, it is limited by the availability o f 1,4-dicarbonyl compounds. 
Furthermore, substrates with protons at the 8 -position (a-to the ketone) presents the 
potential for bromination at an alternative site. The use o f halogens is often not 
applicable in the presence o f many functional groups, and photochemical transformation 
can also be limited when additional chromophores are present.
Reissig developed a useful modification o f  the bromination/elimination method 
for the preparation of these a,P-unsaturated-y-keto ester structural units. Treatment of 
various siloxy-substituted methyl cyclopropanecarboxylates 17 with bromine resulted in 
oxidative ring opening. 13 The functionalized a-bromo-y-oxoester 18 undergoes
3
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elimination when treated with Et3N to form the a,P-unsaturated-y-oxoester 19. The 
















Scheme 2: Reissig’s Method to Form oc,P-unsaturated-y-ketoesters
ethers 16 and the highly reactive nature of the cyclopropanecarboxylates 17 make this a 
useful method for the formation o f highly functionalized a,P-unsaturated-y-carbonyl 
structural units (Scheme 2).
Alternative oxidative methods have also been employed in the construction of 
a,P-unsaturated-y-carbonyl compounds. Raymond14 first reported the use of SeCb in the 




Scheme 3: Dehydrogenation o f y-Oxo Esters with SeOi
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method described earlier for double bond formation, this selenium dioxide method is also 
limited by the availability o f  1,4-dicarbonyl compounds and the anticipated poor 
chemoselectivity in the presence o f a variety of functional groups. Not surprisingly, low 
yields (ranging from 3.2% to 38%) have been reported for this transformation, which 
seems to make this method unattractive for a long synthetic sequence.
The oxidation o f furan derivatives has also been utilized in the formation o f a,|3- 
unsaturated-y-dicarbonyl systems. Initial studies focused on the investigation o f the 
oxidative ring opening o f  various furans utilizing pyridinium chlorochromate15 or m-
rv v r i  ^ ^  ra ^ v ° ri + i  r
CH2C12, R. T. S o lsl\ = / bto
22 23 24
61-91%
Scheme 4: PCC Oxidation o f Furan Derivatives
CPBA16 (Scheme 4). Formation o f the oc,P-unsaturated-y-carbonyl compounds using 
PCC resulted in mixtures o f E/Z isomers; however, careful monitoring o f the reaction 
time enabled to control over E/Z ratios. Shorter reaction times (10 min to 2 h) afforded 
formation of the Z isomer exclusively, while longer reaction times (24 hours and greater) 
resulted in complete formation o f  the E  isomer. Formation of the E  isomer when longer 
reaction times were used was attributed to the acidic character of the pyridinium 
chlorochromate. One drawback to PCC oxidation of furans appears in the inability to 
oxidize these furan systems when a-alkoxy substituents are present. Oxidation o f the 
furans with m-CPBA provides only the Z-isomers of the unsaturated systems. 17 An 
alternative to these methods is the use o f Br2 as a reagent to oxidize the furan ring. The
5
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dibromo 25 species is rapidly converted in the presence o f water to a hemiacetal 26 that 
fragments to the a,p-unsaturated-y-keto system (Scheme 5) . 17 Following formation and 
isolation o f the Z-olefin 27, addition o f catalytic acid or base easily isomerizes this 
molecule to the £-olefin 28.
/—v Br?








H O J  V ^B r




*■—(. \~R ' O O
27
80- 88%
Scheme 5: Jurczak’s Method o f Oxidative Ring-Opening o f Furan Derivatives
Intermolecular chemical transformations have also been used in the formation o f 
a,P-unsaturated-y-dicarbonyl structural units. Bestmann was the first to report the use o f 
a phosphonium ylide 31 to alkylate an a-bromoketone 30. Ylide-mediated elimination o f 
triphenylphosphine 32 provided the desired tx,P-unsaturated-y-keto ester 33 in good yield 
(Scheme 6 ) . 18
6
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Scheme 6 : Bestmann’s Intermolecular Formation o f a ,[3-Unsaturated-y-Oxoesters
Traditional Wittig chemistry has also been utilized in the formation of these 
structural units. Reaction of stabilized phosphonium ylides with a-oxoesters for the 
production o f the corresponding a,(3-unsaturated-y-keto ester was first reported by 
Schuda and coworkers. 19 This method provided versatility in the substitution patterns 
within the desired a,(3-unsaturated-y-keto esters, and proved to be a method that could be 
scaled-up to multi-gram quantities (Scheme 7).
1)CH 2N2
o 2) HBr (gas) o o
r ^ c i  3) (C6H5)3P/C6 H6 r X ^P(C 6h5)3 + R. A C02Me
4) Na2C 0 3/H20  59% jg
3 6  37
C6 H6  O R ’ O COiM e
' v V - c o *  + Rs A A r'.reflux n/ n/  c 2Me
39 40
Scheme 7: Schuda’s Method Utilizing Wittig Chemistry
7
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Schuda and coworkers' studied this transformation using both a-formyl esters and 
a-keto esters in the reaction with phosphonium ylides. In the cases where a-keto esters 
were utilized as substrates, mixtures o f  E and Z isomers were formed; however, reactions 
carried out using a-formyl esters provided exclusive formation o f the E  isomer in the 
a,p-unsaturated-y-keto ester targets.
Hoffman, et. al. were the first to perform a chain extension/elimination reaction 
on a 1,3-dicarbonyl substrate. The chain extension reaction converted 1,3-dicarbonyl 
functionality to a 1,4-dicarbonyl functionality, while elimination o f a leaving group 
provided the targeted a,P-unsaturated-y-oxo ester. 20 Alkylation o f a simple P-keto ester 
41 with an a-haloacetate 42 was followed by attachment o f a nosyloxy group through 
treatment with (p-nitrophenyl)sulfonyl peroxide (pNBSP). Deprotection and 
decarboxylation was performed with TFA and provided the 3-(nosyloxy)-4-keto esters 
43. The nosyloxy group was readily eliminated in these systems with Et3N and the 
desired oc,p-unsaturated-y-ketoesters formed with £-olefin selectivity 44 (Scheme 8).
a) NaH o OR QpNBSPo o






Scheme 8: Hoffman’s Method to Synthesize a,P-Unsaturated-y-Keto Esters
8
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Although this method proved to be effective for the formation of the ot,P-unsaturated-1,4- 
dicarbonyl system, the lengthy synthetic sequence makes this an unattractive method for 
the construction o f this functional group.
2. Introduction to Chain Extension Chemistry:
The single-pot chain extension o f P-keto esters to the corresponding y-keto esters 
using Furukawa-modified Simmons-Smith cyclopropanation conditions was reported by 
Brogan and Zercher in 1997 (Scheme 9).21 Earlier reports by Saigo, 22 Reissig23 and 
Dowd24 had described similar multi-step conversions o f 1,3-dicarbonyl systems to 1,4- 
dicarbonyls. In fact, the zinc carbenoid-mediated chain extension reaction has proven to 
be the most efficient chain extension approach for the construction o f many 1,4- 
dicarbonyls. This serendipitous discovery stimulated efforts directed toward the 
methodological development o f this method, as well as efforts which targeted the broader 


















Scheme 9: Zercher’s Chain-Extension Chemistry
9
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The original application o f  this zinc carbenoid-mediated chain-extension reaction 
involved the conversion o f simple P-keto esters to the corresponding y-keto esters in good 
to excellent yields.21 Substituent effects were investigated in this study to identify 
potential limitations o f this reaction. Substituents that were investigated included the 
presence o f  electron rich and electron poor olefinic systems, aromatic substituents and 
sterically bulky groups surrounding the ketone carbonyl. The results o f this study 
demonstrated that chain-extension o f the P-keto ester proceeded more rapidly than 
reaction o f the carbenoid with olefins and aromatic systems (Scheme 10). The tolerance
o o Et2Zn/CH2 l2 1 a  OEt
X A  -----------------►  Ph^ Y
OEt CH2C12 o
4 9  58%
50
o o Et2Zn/CH2 I2 m
Ph OMe CH->Cl-> n2 2 6 8 o/o  O
51 52
o o Et2Zn/CH2 I2 9
53 " 74%
54
Scheme 10: Initial Studies on Chain-Extension Chemistry
o f sterically bulky groups surrounding the ketone carbonyl, such as tert-butyl and 
isopropyl groups, indicated that the chain-extension reaction was, in general, not sensitive 
to increased steric bulk.
10
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Additional studies directed toward the development o f  an Organic Syntheses 
preparation25 included a more detailed investigation o f the effects o f aromatic and 
sterically encumbering substituents on the chain-extension reaction. The studies 
demonstrated that these groups do, in fact, play a significant role in the efficiency o f the 
reaction. The presence o f aromatic substituents adjacent to the ketone carbonyl led to 
significantly lower yields o f the desired chain-extended product. Identification of several 
by-products o f  the reaction allowed the determination that dimerization o f intermediate 












55 X = ZnX 






Scheme 11: Dimerization o f Intermediates
Many studies that focused on the reaction time and the number o f carbenoid 
equivalents were performed on this substrate in order to determine the optimum reactions 
conditions. Although a detailed discussion o f these studies will not be presented here, the 
ratios o f  starting material 56, desired chain-extended product 57, and methylated 
intermediate 58 were investigated by quenching aliquots o f  the reaction at 5 min, 10 min,
1 1
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20 min, and 30 min. Analysis o f  *H NMR spectra o f the crude reaction mixtures showed 
significant quantities o f the protonated intermediate 58 at various points o f  the reaction. 
The presence o f protonated intermediate 58 suggested that addition o f the zinc 
intermediate 55 into the ketone carbonyl was slow relative to its formation. Slow 
intramolecular addition into the carbonyl allowed the opportunity for the organozinc 
intermediate 55 to react intermolecularly, a mode of reaction which was demonstrated by 
isolation of several by-products. Placement o f  a sterically encumbering alkyl substituent 
adjacent to the ketone carbonyl seemed to prevent intermolecular reaction, and 
replacement o f the aromatic substituents by an alkyl substituent appeared to increase the 
rate o f cyclopropane formation. As a result, the desired chain-extended material 62 was 
provided in significantly higher yield (90-94%) (Scheme 12).
nA A 0Mi El” 'y  v ^ y ° -
^  61 CH^  ^  6 2 °
90-94%
Scheme 12: Effect o f Sterically Encumbering Substituents on the Chain-Extension
Reaction
In Brogan’s initial study, attempts to chain extend a-substituted-p-keto esters 
produced a very complex mixture and provided the desired material in very low yield 
(Scheme 13). More extensive studies o f the chain-extension o f  a-substituted-P-keto
12
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Scheme 13: Chain-Extension o f a-Substituted-p-keto Esters
esters by Paquette, demonstrated that chain-extension of the a-substituted substrate 
occurred readily; however, the resulting a-substituted zinc enolate 69 was prone to 
alkylation by the electrophilic carbenoid. As a result o f this alkylation and the 

















OH3C c h ,
Additional Chemistry
70
Scheme 14: Alkylation Problems of Substituted Substrates
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The scope of the chain-extension reaction was investigated in a survey o f  
commercially available and non-commercially available P-keto amides. 27 Non- 
commercially available P-keto amides were simply prepared through reaction o f  various 
amines with diketene 71 (Scheme 15). Although the reaction with diketene provided 
only P-keto amides with methyl groups adjacent to the ketone, it did provide a general 
method to investigate amide diversity in the chain-extension reaction.
/P  HNRR' 9 {?
d -  ^ A r ’Benzene, 80°C R,
71 72
Scheme 15: General Synthesis of p-Keto Amides
A series of a-unsubstituted P-keto amides were subjected to chain extension 
conditions and the expected chain-extended materials were produced in acceptable yields. 
Sterically encumbering groups, aromatic substituents and olefin-containing substrates did 
not diminish the efficiency o f the reaction. However, the conversion of Ar-phenyl-3-oxo- 
butanamide to N-phenyl-4-oxo-butanamide only resulted in a 33% product formation 
with the production o f several undetermined by-products. The inefficiency o f this 
reaction was attributed to the enhanced acidity o f the amide proton. Substrates 
possessing acidic amide protons were thought at first to impede the progress o f  the chain- 
extension reaction; however, in most cases exposure of secondary amides to the zinc 
carbenoid provided the desired products cleanly and in good yield.
14
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When a-substituted-P-keto amides were exposed to the chain-extension 
conditions only starting material was observed. Several control experiments determined 
that enolate formation was not taking place with the a-substituted-P-keto amide 
substrates. Zinc enolate formation was attempted using the preformed carbenoid, as well 
as through direct treatment with diethyl zinc. However, all attempts to form the enolate 
were unsuccessful, and as a result, chain-extension o f a-substituted-P-keto amides did 
not occur. The difficulties experienced with deprotonation o f the a-substituted-P-keto 
amides were consistent with Evans’ reports o f the low acidity o f a-substituted-P-keto
-)Q
imides. The low acidity was attributed to the “predisposition o f the acyclic methine 
hydrogen to lie nearly orthogonal to the 7t-system o f the adjacent imide carbonyl function 
in order to minimize A(l,3) steric interactions.”
The chain extension reaction was extended to the preparation of y-keto 
phosphonates from the corresponding p-keto phosphonates. 29 The p-keto phosphonate 
substrates were also converted very efficiently in the presence o f EtZnCH2 l. Although 
reaction times for their conversion were considerably longer than that required for the 
reaction o f P-keto esters and amides (approx. 2  h), the efficient chain-extension o f P-keto 
phosphonates proceeded in good to excellent yield and provided a very attractive method 
to generate y-keto phosphonates. Unlike the P-keto amides and p-keto esters, the long 
reaction times required for the phosphonate substrates had a negative impact on 
substrates possessing olefinic functionalities. Although chain-extension of these 
substrates did occur more rapidly than cyclopropanation, complex mixtures o f  chain- 
extended material, cyclopropanated material and starting material were formed when 
olefins were present in the substrates. In contrast, a-substituted-P-keto phosphonates,
15
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unlike the a-substituted-P-keto ester and P-keto amide substrates, were chain extended 
very cleanly and in good yield to provide the corresponding substituted y-keto 
phosphonates (Scheme 16).
74
Scheme 16: Chain-Extension of a-Substituted-P-keto Phosphonates
a. Methods to incorporate a-substitution into the chain-extended products
Although the chain extension o f a-substituted-P-keto phosphonates proceeds very 
efficiently, a-substituted-P-keto amide and P-keto ester substrates, as described earlier, 
do not provide the desired a-substituted chain-extended material. As a result, methods to 
incorporate a-substitution into the y-keto esters and amides are under active 
investigation. A potential solution to the a-substitution problem was presented when it 
was recognized that the intermediate zinc enolate 75 could be used to capture 
electrophiles. A rapid increase in the complexity o f chain-extended molecules and, most 
importantly, incorporation o f the desired a-substitution were the results o f  this tandem 
reaction. Initial studies included the use o f aldehydes as the electrophiles, which resulted 
in good yield of the desired aldol products with good to excellent syn (77) 
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Scheme 16: Aldol Reaction o f  Zinc Enolate Intermediate with Aldehydes
for the incorporation o f a-substitution in the capture o f ketones, 31 iminium ions, 31 and the 
reactive electrophilic zinc carbenoid32 (Scheme 17).
HO R"
X J  a )E t2Zn,CH 2 . 2 ^  j Q V ,
. .  b) R'SCO R T
4 5  • 79 °
(H3C)2N h
j j  a) Et2Zn, CH212 „  £ >
4S UK b) H2CN(CH3 )2C1 r  ¥
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b) cat. TMSC1 0
45 81
Scheme 17: Methods to Incorporate a-Substitution into the Chain-Extension Reaction
The methods utilized for the incorporation o f a-substitution currently are, 
however, limited to the incorporation o f sp3 hybridized carbons. In an effort to facilitate 
the incorporation o f a more diversified range o f functionality we envisioned the
17
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possibility o f synthesizing a,P-unsaturated-y-keto esters from readily available P-keto 
esters by application o f the chain extension chemistry investigated in our group (Figure
2). These highly reactive unsaturated compounds could then be subjected to conjugate
R'Jl^ Y 0 -R- '  RA A 0R.
o o
Figure 2: a , P-Unsaturated-y-Oxoester Disconnection
addition chemistry in order to incorporate the desired a-substitution into the 1,4- 
dicarbonyl systems. The ability to perform efficient and regioselective conjugate 
addition chemistry with malonate anion derivatives33 and with cuprates34 on a,p- 
unsaturated-y-keto esters has been reported in the literature.
B. Results and Discussion:
1. Initial Studies Directed Toward Conversion of P-Keto Esters to a,P~
Unsaturated-y-Oxo Esters:
Exposure o f simple p-keto esters and P-keto amides to a mixture o f  diethyl zinc 
and methylene iodide results in chain-extension o f the system and the formation o f a 1,4- 
dicarbonyl compound. The intermediate, a reactive zinc enolate (47), has been 
demonstrated to be susceptible to capture by a variety o f electrophiles. We envisioned 
the possibility of capturing the resulting zinc intermediate with an electrophile that could
18
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Scheme 18: Proposed Method to Form a,P-Unsaturated*P-Keto Esters
In our initial attempts to facilitate this transformation, bromine was utilized as the 
electrophile to capture the zinc enolate intermediate and triethylamine was used to 
eliminate the bromide to form the a,P-unsaturated-y-keto ester. The product mixture that 
resulted following the reaction o f methyl pivaloylacetate 85 consisted o f the desired a ,p - 
unsaturated-y-keto ester 86, chain extended material 87 and a compound that was 
identified as an a-iodo-y-keto ester 88 (Scheme 19). The source o f the iodine which was 
incorporated into the products is unclear, although an abundance o f zinc iodide salts 
would be anticipated from the carbenoid by-products. The ratio o f products (Scheme 19) 
formed under this initial set o f reaction conditions were inconsistent and significant
19
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Scheme 19: Initial Attempts to Synthesize a,P-Unsaturated-y-Keto Esters
yields o f the a,P-unsaturated-y-keto ester 8 6  were not obtained. Further attempts to fully 
brominate intermediate 47 with N-bromosuccinimide (NBS) or 1,2-dibromoethane were 
undertaken; however, these brominating reagents were ineffective and only saturated 
chain-extended material 87 resulted (Scheme 20).
In order to conclusively determine the identity o f the proposed iodo species 8 8 , 
chain extension o f methyl pivaloylacetate was performed and the zinc enolate 
intermediate was quenched with molecular iodine. The 'H NMR, l3C NMR spectra and 
mass spectrometric analysis o f  the crude reaction mixture showed the presence o f methyl 
2-iodo-5,5-dimethyl-4-oxo-hexanoate 8 8  with complete absence o f chain-extended
a) Et2Zn/CH2I2
b) NBS or 1,2- 
dibromoethane
85 c) Et3N 
CH2C12
87
Scheme 20: Attempts Using NBS and 1,2-Dibromoethane
20
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material 87. This experiment conclusively demonstrated that production o f  the iodo 
species 8 8  was occurring when the zinc enolate was reacted with bromine. Furthermore, 
iodine was demonstrated to be a superior halogenating agent for this transformation. 
Treatment o f the iodo species 8 8  with triethylamine provided mixtures o f the a-iodo 
compound and the desired a,p-unsaturated-y-keto ester 87. However, utilization o f 1,8 - 
diazabicyclo[5:4.0]undec-7-ene (DBU) as the base resulted in the clean elimination o f  the 
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Scheme 21: Optimum Reaction Conditions for Conversion o f p-Keto Esters to a ,p -
Unsaturated-y-Oxo Esters
The conditions optimized for this transformation were applied to several P-keto 
esters in order to demonstrate the efficacy and generality o f this reaction (Table 1). In all 
cases formation o f the a,P-unsaturated-y-oxo esters proceeded efficiently. Analysis o f 
the 'H NMR spectra o f these crude reaction mixtures showed complete consumption o f 
starting material and clean formation o f the desired products. The varied ester 
functionalities seem to have little or no effect on the progress o f  the reaction and the 
slightly diminished yield (59%) when aromatic substituents are adjacent to the ketone
21
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Table 1. Conversion o f Simple p-Keto Esters to a,P-Unsaturated-Y-
Keto Esters
Substrate3 Product Substrate Product (Yield)b




85 8 6  (8 6 %)
89
90 (70%)
0  0  \
0  1
o o 0







X A 0 ^
0
A ^ y ° \
o






a) Substrates are commercially available, b) Isolated yield o f purified product
(substrate 97) is consistent with previous observation on simple chain-extension of the 
same substrate. Analysis o f the *H NMR spectra for all products in Table I showed 
coupling constants (V h h )  o f the olefinic protons to range from 15.0 to 16.1 Hz, which 
indicated formation o f the E  olefin in all cases. In addition, spectral comparison to data 
reported in the literature supported the stereochemical assignment o f  the newly formed 
olefins. Analysis o f the 'H NMR spectra of the crude reaction mixtures showed no 
evidence o f formation o f  the Z  isomer in any o f the cases illustrated in Table 1.
22
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The ability to perform this tandem reaction sequence on substrates that contained 
olefinic functionalities was investigated through the use o f allyl acetoacetate 99. This 
substrate 99 was prepared by reaction o f allyl alcohol 100 in the presence o f diketene 71. 
Exposure o f 99 to the chain-extension/iodination/elimination conditions provided the
a) Et2Zn/CH2 I2
O o o b) . 2 2
benzene on%
71 8 U / 0  CH,C12  71%
99 101
Scheme 22: Chain-Extension/Iodination/Elimination on Olefin Containing Substrates
desired a,(5-unsaturated-y-keto ester 101 in 71% yield without cyclopropanation or 
destruction o f the olefin present in the substrate 99 (Scheme 22). Again, the newly 
formed olefin possessed a coupling constant (Vhh = 16.1 Hz) that demonstrated the 
presence o f the E  olefin and the absence o f the Z  olefin.
P-Keto amides were also tested to determine the ability o f this transformation to 
be performed in the presence o f nitrogen-containing compounds. Thus, vV-methylaniline 
was reacted with diketene in the presence o f pyridine to produce the desired p-keto amide
23
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a) Et2Zn/CH2I2
HNPhCH, Q Q mz__________ ^  o ch,
ET ... ,, , A A . , . P i i  c) Sat. Na2 S,0 3 h ,cA ^ >V N'pi,J - o  pyridine '  OBU 3
benzene C H 3
71 69% CH2C12 63%
1 0 2  103
Scheme 23: Converstion o f  P-Keto Amide to a,P-Unsaturated-Y-Keto Amide
substrate 102. Conversion o f P-keto amide substrate 102 to the corresponding a,p- 
unsaturated-y-oxo amide 103 was facile and proceeded efficiently in 63% yield (Scheme 
23).
2. Formal Synthesis o f (-)-Pyrenophorin
Several o f the natural products outlined in Figure 1 possess this a,P-unsaturated- 
y-keto ester structural unit. Pyrenophorin 2 (Figure 3), isolated from plant pathogenic 





dilactone, which possesses antifungal and antibiotic properties. 2 Efforts have been 
directed toward the synthesis o f pyrenophorin35 with most approaches based upon the
24
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preparation o f  the racemic monomeric hydroxyl acids followed by dimerization to the 
diolide, which leads to the formation o f  racemic 2 , along with diastereomers. 36
a Grubb’s synthesis o f /{-pyrenophorin:
As an alternative to this approach, Grubbs and coworkers recently reported the 
dimerization o f  6 /s-olefin 103 using a second-generation olefin metathesis catalyst 104. 
The resulting macrocycle 105 was synthesized in 46% yield using this olefin metathesis 
approach. Compound 105 was oxidized to the diketone (-)-pyrenophorin 2 in 76% yield 
using CrC>3 (Scheme 24).37 Their study resulted in the first report o f olefin metathesis o f 
a,P-unsaturated esters as a new method to construct various macrocycles.
o ,  5 m„i . % ^  y w y  CK)i
°  1 /— \  Q o
M es-N V N-Mes A c 20 ’ A c O H




Scheme 24: Grubbs’ Synthesis o f Pyrenophorin
b. Kibayashi’s synthesis of /{-pyrenophorin
In 1993 Kibayashi and coworkers published a twelve-step enantiopure synthesis 
o f (-)-pyrenophorin using the chiral diepoxide 10638 as the source to incorporate the R- 
stereochemistry at the 8 - and 16-positions (Scheme 25). Their synthetic route involved 
opening o f  the diepoxide 106 with vitride in 74% (based on reacted starting material), 
which was followed by protection o f the monohydroxy epoxide 107 with t-
25
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butyldiphenylsilyl chloride to give the silyl-protected compound 108. Ring opening o f  
108 was facilitated by exposure to the dianion o f (phenylthio)acetic acid. Diazomethane- 
mediated esterification provided the a-phenylthio-y-hydroxyester 109 in 48% overall 
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Scheme 25: Kibayashi’s Synthesis o f (-)-Pyrenophorin
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o f 109, underwent pyrolysis in boiling toluene and pyridine to provide the (£)-a,P- 
unsaturated hydroxyl ester 111 in 85% yield from 109. Oxidation o f  111 with PDC 
followed by ketalization afforded 113 (67% over two steps), which was subjected to 
saponification and desilylation with B114NF. Cyclodimerization o f  114 was accomplished 
with Mitsunobu conditions according to Gerlach’s procedure.351* The ketals were 
removed from the 16-membered macrocycle to produce 2 in a 44% yield for the two 
steps.
We envisioned that the methodology developed for the formation of oc,P- 
unsaturated-y-oxo esters could be applied to a formal synthesis o f  (-)-pyrenophorin 2  
(Figure 1). Specifically, simple construction of intermediate 112 found in Kibayashi’s 
synthesis appeared feasible through a two-pot procedure from readily available starting 
materials. Enantiopure /?-propylene oxide 115 was selected to provide the R- 
stereochemistry at the methyl substituted carbon. Opening o f  the epoxide 115 with the 
dianion of methyl acetoacetate 95 provided an intermediate alkoxide. Prior to quenching 
of the reaction, the intermediate alkoxide was captured with terf-butyldiphenylsilyl 
chloride to afford the silyl-protected hydroxyl 116. Initial attempts to generate 116 
resulted in isolation o f a dehydration product 117. This problem was rectified by 
lengthening the reaction time, which allowed the silyl protection to proceed with 
increased efficiency (Scheme 26).
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Scheme 26: Formation o f Substrate 116
As was observed with the P-keto esters in the initial methodological study, 
conversion o f substrate 116 to the corresponding a,P-unsaturated-y-keto ester 1 1 2  
(Scheme 27) was facile and proceeded efficiently. Analysis o f  the ’H NMR spectrum of 
the crude reaction mixture revealed complete consumption o f  starting material and clean 
formation o f a,P-unsaturated-y-keto ester 112. Purification o f the reaction mixture 
provided 112 in 73% yield with optical rotation values and 'H and l3C NMR spectra that 
corresponded to literature reports, [oc]25d = +19.1 (c = 0.0045g/mL, methanol). Although 
optical rotation values for 1 1 2  are not present in the literature, enantiopurity o f 
compounds 112 was assessed with chiral HPLC using a Daicel Chiralpak® AD-RH 
reverse phase chiral column and shown to be greater than 95% ee. By application o f the 
tandem chain extension/oxidation/elimination methodology we have successfully 
performed a two-pot formal synthesis o f (-)-pyrenophorin 2  through interception o f 
Kibayuashi’s a-keto ester intermediate 1 1 2  in five fewer steps.
28
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112
Scheme 27: Formal Synthesis o f (-)-Pyrenophorin
3. Amino Acid-Derived Substrates
Considerable efforts in the Zercher group have been directed toward the 
application o f  the chain extension methodology to the construction o f ketomethylene 
isosteric replacements for peptide bonds. The chemistry has been applied to amino 
acid-derived substrates building from both the C-terminus39 and also the N-terminus.40 
The reaction has been shown to proceed efficiently with a variety o f amino acid side 
chains (Scheme 28).
Q Q c t 7 n /ru  1 .. o
R
H M if fct2Z n / C r i 2 l-> h  M
V / A r  ■ c h , c i 2 '  *  ■ ' V V W * '
O R' 2 2 O R ’ O
118 119
Q Q B' Ci 7 n /r u  1 Q R’
^  hy ^ Y r ”
1 2 0  1 2 1
Scheme 28: Application of the Chain Extension Chemistry to Amino Acid Derived
Substrates
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As described previously, a major limitation to the chain extension chemistry lies 
in the inability to perform this transformation cleanly on P-keto ester or amide substrates 
that contain a-substitution. The isosteric replacements (119 and 121) generated from the 
zinc-mediated chain extension o f amino acid-derived a-unsubstituted-P-keto esters and 
amides lack the appropriate side chains (R’”  in 122 and 123) that would better emulate
* V / - v R' R'° y !W V r"









Figure 4: Amino Acid Side Chains in Peptide Mimics
the amino acids targeted in these syntheses (Figure 4). We envisioned that the a,P- 
unsaturated-y-dicarbonyls would be good substrates for the incorporation o f the needed 
a-substitution in the amino acid-derived chain extended material. These reactive 
unsaturated species could be subjected to conjugate addition chemistry through addition 
o f malonate anion derivatives33 or cuprates (Scheme 29), which would result in the 
incorporation of the desired side chain.34
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Scheme 29: Methods to Incorporate a-Substitution into a,P-Unsaturated-y-Dicarbonyl
Systems
Initial studies were directed toward exploring the utility of this transformation on 
amino acid-derived substrates (127 and 128) that contained an amide N-H. Previous 
studies on the chain extension chemistry o f P-keto amides or other amino acid-derived 
substrates showed that the modestly acidic N-H did not interfere with the reaction. Chain 
extension of these NH-containing systems proceeded efficiently without production o f 
by-products. 39,40 However, attempts to halogenate the resulting zinc enolate intermediate 
and induce elimination by treatment with base gave rise to a very complex reaction 
mixture with no production o f the desired a,P-unsaturated-y-dicarbonyl material 
(Scheme 30). Although the chain extension o f these substrates proceeds efficiently,
31
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Scheme 30: Attempted Chain Extension/Oxidation/Elimination o f Amino Acid Derived
Substrates Containing a Free N-H
it appears that the acidic N-H quenches the resulting zinc enolate intermediate.
Iodination o f the zinc enolate does not take place and, as a result, formation of the 0 ,(3- 
unsaturated-y-dicarbonyl product does not occur (Scheme 31).
o o












Scheme 31: Proposed N-H Interference with the Iodination/Elimination Chemistry
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In order to eliminate problems with the acidic N-H, the nitrogen was protected 
with an additional Cbz group. Thus, the methyl ester o f phenylalanine 131 was reacted 
with benzyl chloroformate in the presence o f sat. NaHCC>3 to provide the Cbz-
X>
r Ph X  f n  n f  .  0  0  r «X ,OMe CI 0B" ^  X .OMe / ~ °  X X ,V  
HlN g Sat-Nancor
,31 B0AC 82% reflux 61%
132
Scheme 32: Formation o f Substrate 133
133
protected phenylalanine methyl ester 132 in 82% yield. Exposure to diketene and 
pyridine in refluxing benzene facilitated the conversion to the P-keto amide substrate 133 
in 61% yield (Scheme 32). Upon exposure o f this substrate to the chain 
extension/iodination/elimination conditions, a complex reaction mixture again resulted. 
O f the products that were isolated, trace amounts o f 137 were found, which resulted from 
nucleophilic attack o f the carbonyl at the intermediate iodide 134, or through conjugate 
addition o f a,P-unsaturated-y-keto amide 135. The cyclic carbamate 136 was produced 
as a mixture o f diastereomers (Scheme 33). The mixtures resulting from the attempted 
reactions were complex and 137 was the only product identified from the reaction 
mixture. Attempts to determine whether this cyclization occurred by displacement o f the 
iodo intermediate 134 or through conjugate addition into olefin 135 were made by 
exposing substrate 133 to the chain extension conditions, followed by addition o f iodine 
without base. Formation of a diastereomeric mixture (approx. 4:1) o f carbamate 137 was 
observed under these conditions (Scheme 33). Although this experiment did not
33
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conclusively determine the mode o f cyclization, it did demonstrate that cyclization could 
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Scheme 33: Formation o f Cyclic Carbamates
Benzyl protection o f the nitrogen was undertaken in order to eliminate difficulties 
with both acidic N-H protons and the formation o f cyclic carbamates. Alanine methyl 
ester 138 was treated with benzyl bromide in the presence of K2CO3 in DMF to provide 
the mono-protected amino acid 139 in 56% yield. Diketene was opened by the amine to 
give the P-keto amide 140 in 6 8 %. Formation o f the a,P-unsaturated-y-keto amide 141 
through exposure o f 140 to the chain extension/iodination/elimination conditions, was 
facile and proceeded in good yield (Scheme 34).
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Scheme 34: Formation o f a,P-Unsaturated-y-Keto Amides from Amino Acid-Derived
Substrates
The utility o f this transformation was also demonstrated on amino acid derived |3- 
keto esters. Similar to the amino acid derived P-keto amides, these substrates required 
additional nitrogen protection to prevent the acidic N-H from interfering with the 
reaction. Several Boc-protected amino acid substrates were investigated; however, clean 
reaction mixtures were not obtained and yields o f  the desired a,p-unsaturated-y-keto ester 
were poor (Scheme 35).
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a) Et2Zn/CH2 I2










PS  o o
BocNvJ t sX
a) Et2Zn/CH2 I2
No Desired Product 
Observed
144 CH2C12
Scheme 35: Boc Protected Amino Acid Derived Substrates
Although Boc-protection o f  the amino acids was not compatible with the chain 
extension/elimination reaction, both Cbz protection and benzyl protection o f the nitrogen 
provided the desired amino acid derived a,P-unsaturated-y-keto ester in good yield 
(Scheme 36). Preparation of the P-keto ester substrate 147 was accomplished through 
Cbz-protection o f the N-benzyl alanine methyl ester 139, followed by saponification o f 
the ester. The acid was converted to the p-keto ester via Masamune-Brooks chemistry41 
in 71% yield. Exposure o f substrate 147 to the chain extension/iodination/elimination 
chemistry produced the desired a,P-unsaturated-y-keto ester cleanly and in 6 8 % yield.
36
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Scheme 36: Utility of Chain Extension/Iodination/Elimination Chemistry on Amino Acid
Derived P-Keto Esters
Although this transformation proceeds quite efficiently when the proper 
protecting groups are utilized, racemization o f the amino acid occurs under the present 
reaction conditions. Following purification, the products were subjected to chiral HPLC 
analysis using a Daicel Chiralpak® AD-RH reverse phase chiral column. Adequate 
resolution o f racemic mixtures occurred with 100% methanol. These conditions allowed 
determination o f  the extent o f amino acid epimerization under the reaction conditions. 
Full racemization o f the products was observed and is attributed to the exposure o f the y- 
keto ester/amide to DBU. A potential method to prevent racemization under these 
conditions would be to isolate the intermediate a-iodo-y-keto carbonyl compound, and 
then expose this synthetic intermediate to a weaker base, such as triethylamine, to 
eliminate the iodide. Utilization o f  the weaker base might maintain the desired
37
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stereochemical integrity o f these systems, although the stereocenter adjacent to the ketone 
is anticipated to be prone to epimerization.
4. Utility o f Chain Extension/Iodination/Elimination Chemistry on Macrocyclic
Substrates
Many o f the naturally occurring compounds that possess an oc,P-unsaturated-y- 
keto ester structural unit contains this functionality as part o f a macrocyclic ring system. 
We have applied this chain extension/iodination/elimination methodology to a formal 
synthesis o f the macrocyclic dilactone natural product (-)-pyrenophorin through chain 
extension of an acyclic substrate. We wanted to probe the possibility o f  applying this 
chemistry to y-keto lactones in an effort to perform both ring expansion and incorporation 
o f the new olefin on cyclic substrates. Several issues needed to be addressed regarding 
this chemistry. Firstly, since the simple chain extension chemistry had not been 
performed on large ring systems, would it be possible to insert a simple methylene unit 
into these compounds to form y-keto lactones? Secondly, would elimination of the iodo 
species be a facile process with the cyclic substrates. And thirdly, would generation of 
the new olefin be ^-selective, as was seen with the acyclic a,P-unsaturated-y-keto esters?
In order to answer these questions and assess the potential for application o f this 
methodology to macrocyclic ring systems, the preparation o f a 13-membered P-keto 
lactone 1S4 was necessary. Attempted conversion o f substrate 154 to the 14-membered 
a,P-unsaturated-y-keto lactone 155 would provide initial results and would address some 
questions regarding the applicability o f the chain extension/oxidation/elimination
38
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methodology to macrocyclic ring systems. Synthesis o f this 13-membered ring substrate 
154 was accomplished via a simple four-step process. A reaction between diketene and 
l-buten-4-ol 149 afforded P-keto ester 150 in 84% yield. Alkylation o f  the dianion of 
150 with 6 -bromohexene provided the diolefin 152 in 78% yield. Ring closing 
metathesis o f  the bis-olefin 152 was facilitated by Grubbs’ first generation ruthenium 
catalyst, bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride 155, and 
proceeded in 73% yield with an E/Z ratio o f 4:1. Following olefin metathesis, 
hydrogenation o f the newly generated olefin proceeded in nearly quantitative yield to 
provide the desired 13-membered P-keto lactone 154 (Scheme 37).
C f  h0' ' w9 ^  S g a) NaH
*   c ,  X , *" b) n-BuEt N ► /i Li
7 1  Benzene 1 5 0
84% 1 5 1 152
78%
(Ph3P)2Cl2Ru=CHPh 155 k
CH2C12 k  J  — -— ►
^  ^  EtOH
153 154
7 3 0 /0  95%
E/Z 4:1
Scheme 37: Synthesis o f  13-membered P-Keto Lactone
Determination o f the EIZ geometries in compounds like 153 through simple 
inspection o f the Vhh coupling constants o f  the olefinic protons was impossible. The 
complex patterns in this region together with second order coupling made E/Z 
determination o f the newly generated olefin quite difficult. The configurations o f these
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
olefins could, however, be determined using COSY and NOESY correlation spectra. The 
two allylic methylene units o f the Z-isomer are within 4A, and as a result show a strong 
NOE correlation, which makes it possible to assign E  and Z geometries.
Exposure o f 154 to the chain extension/iodination/elimination chemistry 
proceeded efficiently and provided the corresponding cx,P-unsaturated-y-keto lactone 155 
(Scheme 38). Chain extension o f these macrocyclic systems proceeds at a slower rate
a) Et2Zn/CH?I7
b) h
c) Sat. Na2 S20 3
d) DBU
CH2C12
Scheme 38: Formation o f a 14-Membered a,p-Unsaturated-y-Keto Lactone
than the acyclic substrates, for which disappearance o f starting material (TLC analysis) is 
observed within 30 minutes. Two to three hours are typically required for consumption 
of macrocyclic p-keto ester 154 following its exposure to the mixture o f Et2Zn and 
CH2I2. The rate o f chain extension can be increased by pre-forming the enolate through 
the addition o f diethyl zinc prior to exposure o f the substrate to the carbenoid 
(EtZnCH2I). This suggests that the slow step in the chain extension reaction for the 
macrocyclic P-keto esters is formation o f the zinc enolate through deprotonation.
Analysis o f the !H NMR spectrum o f the crude reaction mixtures showed the 
presence o f a single olefin isomer generated in the reaction. Following purification o f the 
reaction mixture, 'H NMR analysis o f the newly generated olefinic protons showed a
40
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V hh = 15.5 Hz coupling constant, which supported the assignment o f the £-olefin 
configuration in compound 155.
Following the preparation o f the 13-membered P-keto ester 154 and its 
transformation to the corresponding a,p-unsaturated-y-keto lactone 155, the chain 
extension/oxidation/elimination methodology was applied to the conversion o f a 14- 
membered 160 p-keto lactone to the corresponding 15-membered a,P-unsaturated-y-keto 
lactone 161. The same synthetic approach was applied to the construction o f the 14- 
membered ring substrate 154. Diketene was reacted with l-penten-5-ol, followed with 
alkylation o f the P-keto ester 157 dianion with l-bromohex-5-ene. The diolefin 158 was 
formed in 71% yield. Ring closing metathesis o f 158 proceeded efficiently to give a 
mixture o f lactone isomers 159a and 159b in 65% yield with an E/Z ratio o f  1:1.5. The 
isomers were separated easily by column chromatography to give the £-isomer in 2 2 % 
and the Z-isomer in 43% yield. The olefin geometry was once again assigned by NOESY 
correlation analysis. Both olefin isomers were combined and subjected to hydrogenation 
to give substrate 160 in nearly quantitative yield (Scheme 39).
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Scheme 39: Synthesis o f  14-Memebered (J-Keto Lactone
Exposure o f 160 to the chain extension/iodination/elimination conditions induced 
clean and efficient formation o f the desired 15-membered a,P-unsaturated-y-keto lactone 
161 in 6 6 % yield (Scheme 40). Again, the rate o f the chain extension portion o f the
a) Et2Zn/CH2 I2 
b j j z __________
c) Sat. Na2 S20 3
d) DBU
Scheme 40: Formation o f 15-Membered a,P-unsaturated-y-keto lactone
reaction sequence was increased by pre-formation o f the enolate through exposure to 
excess diethylzinc. Addition o f methylene iodide to the reaction mixture resulted in in 
situ generation o f the carbenoid. Formation o f  the newly generated olefin once again
42
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proceeded with complete E  selectivity. Analysis o f the *H NMR o f the crude reaction
mixture showed the presence o f  a single olefin isomer with a coupling constant between 
the olefinic protons (Vhh = 15.6 Hz) consistent with the assignment o f the E  
configuration.
This methodology was also applied to the ring expansion o f  the smaller 12- 
membered P-keto lactone 165 to the corresponding a,P-unsaturated-y-keto lactone 166a. 
The same synthetic strategy was utilized for substrate preparation. The sequence was 
initiated by opening o f diketene with l-buten-4-ol to provide the P-keto ester 150 in 74% 
yield. Alkylation o f the dianion o f  150 with l-bromo-4-pentene gave the diolefin 163 in 
6 8 % yield. Olefin metathesis o f  163 proceeded in 69% to give P-keto lactones with an 
E/Z ratio o f 4:1. The olefin geometry 164 was again assigned by 2D COSY and 2D 
NOESY correlation analysis. A mixture o f the olefin isomers were subjected to 


















Scheme 41: Synthesis o f  12-Membered p-Keto Lactone Substrate 165
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Exposure o f  165 to the chain extension/iodination/elimination conditions 
produced the expected £-olefin-containing 13-membered a,B-unsaturated-y-keto lactone 
166a in 62% yield. In addition to the £-isomer, however, the corresponding Z-isomer 
166b was also isolated from the reaction mixture in 6 % yield. The V Hh = 12.7 Hz 
coupling constant o f  the olefinic protons o f 166b provided good evidence for the 
assignment o f the Z-geometry. Macrocycle 166a exhibited a Vhh = 15.6 Hz coupling 
constant between the olefinic protons, which was once again consistent with the assigned 
£  configuration (Scheme 42).
165
a) Et2Zn/CH2I2
b ) I 2










Scheme 42: Formation o f £  and Z 13-Membered oc,P-Unsaturated-y-Keto Lactones
The isolation o f the Z-isomer in the ring expansion o f 165 raised questions 
concerning the comparative thermodynamic stability o f isomers 166a and 166b. Doyle 
and coworkers investigation53 o f  the thermodynamic stability o f  £  and Z isomers o f 12- 
membered a,P-unsaturated-y-keto lactones (Scheme 48) suggested that treatment of the 
alkene with cat I2 could be used to probe the relative energies o f  166a and 166b. When 
exposed to a catalytic amount o f iodine, 166a was completely isomerized to the Z isomer
44
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within three days (Scheme 42); thus demonstrating that the Z isomer 166b o f this 13- 
membered ring is more thermodynamically stable than the E  isomer 166a.
In order to assess the stereoselectivity in the ring expansion o f the 12-membered 
ring 165, several factors were considered. Based upon the results o f the experiments with 
cat I2, thermodynamically-controlled reaction conditions were predicted to promote 
formation o f the Z olefin. However, under the original reaction conditions described in 
Scheme 42, a 10:1 mixture o f E  and Z isomers was obtained. This suggested that the 
reaction was either operating under the kinetic control, or had partially isomerized. The 
elimination reaction involving the iodide had been determined through optimization 
studies o f acyclic substrates to proceed best when the intermediate iodide was exposed to 
DBU for approximately 30-60 seconds. We anticipated that stirring the reaction mixture 
for a greater period o f  time in the presence o f the iodide salts and base would facilitate 
isomerization o f the E  isomer to the thermodynamically more stable Z olefin isomer. The 
hypothesis was tested by stirring the reaction mixture for 1 0  minutes following the 
addition o f DBU. This resulted in the exclusive formation o f the thermodynamically 




c) Sat. Na2S20 3






Scheme 43: Formation o f Z-OIefin Under Thermodynamically Controlled Conditions
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Although exclusive formation o f the Z-isomer o f the 13-membered a,P- 
unsaturated-y-oxo lactone appears to be a facile process, selective formation o f the less 
thermodynamically stable £-isomer posed a greater challenge. Elimination o f the iodide 
had to be performed under kinetically-controlled conditions, presumably in the presence 
o f  a minimal amount o f  base and in the absence o f  iodide salts. Therefore, isolation o f 
the intermediate a-iodo species prior to treatment o f DBU appeared to be an attractive 
alternative and was accomplished in a 61% yield. The a-iodo compound 167 was 
dissolved in Et2 0  and cooled to -IS °C. Elimination was initiated through addition o f 
DBU (1.2 eq.) and the solution allowed to stir for 1 minute. The ethereal solvent forced 
precipitation o f the amidinium iodide salt, thereby diminishing the possibility o f iodide 
conjugate addition into the a,p-unsaturated system. The £-isomer 166a was formed in 
the absence o f the Z-isomer in 61% yield (Scheme 44).
o
1) a) Et2Zn/CH2I: 
b) I2




Scheme 44: Formation o f £-isomer Under Kinetically Controlled Conditions
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5. Synthesis o f  Patulolide A and B
The methodology developed for the synthesis o f  macrocyciic (X,P-unsaturated-y- 
keto lactones appeared suitable for the synthesis o f Patulolide A 1 (Figure 5). The 
structure o f this twelve-membered macrolide was elucidated in 1985 by Yamada and
o
1
Figure 5: Patulolide A
coworkers42 from material isolated from the culture broth o f Penicillium urticae mutant 
S 11R59. Antifungal, antibacterial, and anti-inflammatory activities have been 
observed.43 This macrocycle has been the target o f  several synthetic approaches. A 
variety of lactonization methods and strategies for formation o f the a,P-unsaturated-y- 
keto lactone structural unit have been used. Most synthetic approaches utilized 
lactonization as the preferred method of macrocycle formation. Several other approaches 
utilized intramolecular Wittig chemistry44'45,46 to incorporate the a,p-unsaturated-y-keto 
carbonyl unit with concomitant formation o f the macrocycle; however, in most cases 
formation o f the oc,P-unsaturated-y-keto ester was accomplished via either SeOi 
oxidation47 or furan oxidation48,49 followed by macrolactonization. Several other 
methods were utilized for the incorporation o f the ot,P-unsaturated-y-keto lactone 
structural unit and these methods are outlined in the following review,
a. Mori’s synthesis of patuolide A
47
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In 1988, Mori utilized a macrolactonization method in the first total synthesis o f 
/?-(+)-patuloIide A. The natural product was prepared in 14 steps with a 10% overall 
yield. 50 Mori’s approach began with conversion o f (/?)-3-hydroxybutanoate 168 to the 
primary iodide 169, which was followed by chain elongation to 170 in 72% yield. 
Oxidation o f  the alcohol to the aldehyde (171) with PCC was followed by addition o f  
ethyl lithiopropiolate. The new alcohols 172a were generated in 82% yield. Protection 
o f  the free hydroxyl as the 2-methoxyethoxy methyl (MEM) ether and removal o f the 
THP-protecting group generated 172c in 82% yield. Reduction o f the alkyne with 
palladium/barium sulfate in the presence o f  quinoline gave the (Z)-olefinic ester 173a in 
84% yield. Saponification with lithium hydroxide yielded the hydroxy acid 173b. 
Treatment o f  173b with 2,4,6-trichlorobenzoyl chloride and triethylamine gave a mixed 
anhydride that was added to a refluxing solution o f DMAP in toluene. The macrocyclic 
lactone 174 was generated under conditions in which the geometry o f the olefin 
isomerized to the E configuration. Removal o f the MEM group with TiCl4 gave a 
mixture o f  isomers 175. Oxidation o f the hydroxyl group with aqueous chromic acid 
provided (+)-patulolide A 1 in 70% (Scheme 45).
48
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Scheme 45: Mori’s Synthesis o f Patulolide A
b. B arua’s synthesis of patulolide A
The synthesis o f (/?)-patulolide A has also been accomplished in a procedure in 
which enantioselectivity was induced through enzyme-mediated resolution .51 Barua and 
coworkers utilized this resolution in combination with their studies concerning the 
conversion o f a,P-unsaturated-y-nitro esters to the corresponding a,P-unsaturated-Y-keto 
ester. Their approach began with the treatment o f 2-nitrocyclooctanone 178 with NaBH4 
to give 8 -nitrooctan-l-ol 179 in 50% yield. Oxidation with PCC provided the aldehyde
49
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180 in 92% yield. Reaction o f  180 with MeMgl gave racemic alcohol 181 in 72% yield. 
Resolution o f the nitro alcohol 181 with goat liver lipase provided the (R)-acetate in 31% 
yield at 91% ee. The acetate 182 was converted to the a , p-unsaturated-y-nitro ester 183 
in 70 % yield through conjugate addition o f 182 to methyl propiolate. Treatment o f  183 
with aqueous TiCh provided 184 in 61% yield, which was followed by 







































Scheme 46: Barua’s Synthesis o f  Patulolide A Using Enzyme Mediated Resolution
50
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c. Doyle’s synthesis o f patulolide A
Doyle published recently a racemic synthesis o f  both patulolide A 1 and 
patulolide B 176 in which the macrocycle was formed by a Rh(II)-catalyzed bis-diazo 
coupling reaction. Doyle’s study focused on two unexplored areas with the first being 
the sequential construction o f multiple diazo functionalities. The second novel feature 
was the rhodium-catalyzed coupling o f the mixed diazo compound for the formation of 
large ring systems. The synthetic approach began with oxidative opening o f cyclooctane 
185 with O 3 in the presence o f MeOH and treatment o f the intermediate with acetic 
anhydride to give the mixed aldehyde ester 186 in 63% yield. Addition o f methyl 
grignard to the aldehyde provided the racemic alcohol 187 in 83% yield, which was 
followed by formation o f  the a-diazo ester 188 in 79%. Saponification o f the methyl 
ester with subsequent formation o f  the mixed anhydride with /-BuOCOCl and addition of 
CH2N2 provided the desired bis-diazo substrate 189 in 36% yield. Exposure o f 189 to 
Rh2(OAc) 4 in CH2CI2 facilitated decomposition o f  the diazo functionalities and resulted 
in carbene dimerization to form a 1:1 mixture o f patolulide A 1 and B 176. Purification 
o f the reaction mixture provided 15% of each geometric isomer (Scheme 47).
51
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Scheme 47: Doyle’s Catalytic Carbene Dimerization Approach to Patulolide A
Formation of both a,P-unsaturated-y-keto lactones 1 and 176 in Doyle’s study 
was the impetus for a study o f the comparative thermodynamic stability o f  patulolides A 
and B. Doyle’s computation work, albeit vague in its description, on these molecules 
indicated that the E geometry (patulolide A) in this 12-membered ring macrocycle would 
be thermodynamically preferred in this dimerization; however, the results from this 
experiment indicated no distinct preference for formation of either geometric isomer. In 
response to this data, the thermodynamic stability o f the macrocycles 1 and 176 were 
investigated. The separate isomers were subjected to catalytic iodine, which resulted in 
the quantitative isomerization o f the E  isomer 1 to the Z  isomer 176 (Scheme 48). This 
experiment demonstrated that the Z  isomer is, in fact, thermodynamically more stable 
than the £. This result also explained Mori’s serendipitous discovery o f isomerization o f
52
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Scheme 48: Doyle’s Thermodynamic Comparison o f Patulolides A and B
The potential utility o f  the chain extension/iodination/elimination chemistry to 
approach patulolide A appeared very attractive, since the formation of a variety o f  a,P - 
unsaturated-y-keto lactones was shown to be very efficient. Patulolide A and B, 
however, were 1 2 -membered ring lactones, which mandated the preparation o f the 1 1 - 
membered (3-keto lactone precursor. This was a smaller ring than had been seen 
previously prepared and was anticipated to present additional challenges. We envisioned 
incorporation o f the R stereocenter through opening o f commercially available R- 
propylene oxide 191 with an organocuprate reagent derived from allyl bromide. In order 
to avoid potential problems in the isolation o f the small molecular weight alcohol 194, we 
anticipated that the intermediate alkoxide 192 could be captured with diketene to form 
the desired P-keto ester 193. Although this multi-step reaction does not proceed in high 
yield (46%), it does, however, decrease the number o f synthetic steps. Generation o f p- 
keto ester 193 was also achieved through a two-pot approach where the alcohol 194 was 
isolated and subsequently reacted with diketene in a second step. The 74% yield for the 
two-step approach was considerably higher than the one-step approach (Scheme 49).
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Scheme 49: Methods to Form the P-Keto Ester Required for Patulolide A
Dianion formation o f P-keto ester 193 and alkylation with allyl bromide provided the 
desired diolefin 195 in 80% yield. Exposure o f 195 to the olefin metathesis conditions 
that were used to synthesize the large ring systems in the methodological development 
study did not produce the 11 -membered ring in adequate yield. The catalyst load was 
increased to 15%, which was added in three portions over a 24 hour period. Although 
ring closing metathesis o f  this substrate does result in significant quantities o f 
oligomerization, formation of the desired 11-membered ring 196 was accomplished in 
52% with exclusive formation of the newly generated Z-olefin. The decreased yield of 
macrocycle 196 and enhanced oligomerization in this reaction can be attributed to the 
increased fra/uannular strain associated with formation o f 1 1 -membered rings. 54 
Hydrogenation o f  the resulting olefin proceeds quantitatively to produce the desired P~ 
keto lactone substrate 197 (Scheme 50).
54
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Scheme 50: Synthesis of Substrate 197
Exposure o f  197 to the chain extension/iodination/elimination reaction conditions 
provided only starting material. No reaction, including chain extension, was observed 
under these conditions. As mentioned previously, chain extension o f  these macrocyclic 
ring systems is more sluggish than chain extension o f the acyclic substrates, presumably 
due to the decreased acidity o f  the a-methylene protons between the two carbonyls. The 
difficulty associated with deprotonation may be attributed to the challenge o f obtaining 
planarity in these systems. Significant efforts were made in order to facilitate chain 
extension of this system. Pre-formation o f the enolate by treatment with an equivalent o f 
diethylzinc had been successful in facilitating the chain extension reaction in previous 
substrates; however, treatment with diethylzinc had no effect with the 11 -membered ring. 
Attempts to deprotonate the P-keto lactone 197 by refluxing with the carbenoid in 
CH2CI2 also did not produce the desired results. In an effort to obtain higher reaction 
temperatures which might facilitate deprotonation o f 197, refluxing benzene was also 
used. Surprisingly, chain extension was observed to occur at room temperature in 
benzene without the need for elevated temperatures.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Exposure o f  197 to the chain extension/iodination/elimination conditions in 
benzene resulted in formation o f the a,P-unsaturated-y-keto lactone in 6 6 % yield; 
however, the newly generated olefin was produced exclusively in the Z configuration in 
(Scheme SI). Although formation o f the Z olefin for this substrate was unanticipated, the 
Z 12-membered a,P-unsaturated-y-oxo lactone 176 is patulolide B , 55 which is another 
naturally occurring macrolide isolated from Penicillium urticae mutant, SI 1R59.
197
a) Et2Zn, CH2I2
b )I  2__________
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Following the formation o f patulolide B, which containd the Z-olefin geometry, 
we investigated several variations on the chain extension/oxidation/elimination chemistry
56
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in an effort to obtain patulolide A, which possesses the £-olefin configuration. Doyle’s 
paper describing the comparative thermodynamic stability o f patulolides A and B53 and 
data obtained previously in our study raised several questions regarding the reaction 
conditions utilized for the chain extension/oxidation/elimination reaction. Firstly, if  the 
reaction conditions were changed from a thermodynamically-controlled environment to a 
more kinetically-controlled system, would the generation o f the new olefin result in the E 
geometry? Secondly, since excess iodide salts were present in the reaction mixture, was 
there a possibility o f continuous addition/elimination o f iodide, which could facilitate 
isomerization o f the olefin to the Z geometry?
New reaction conditions were designed to address these issues. Specifically, 
conditions were sought in which the £-olefin would be generated under kinetic control. 
Isolation o f the intermediate iodide and exposure o f it to carefully controlled elimination 
conditions appeared to be an attractive strategy to effect this kinetic control. Formation 
o f  the iodide 198 by treatment o f the intermediate zinc enolate with iodide proved to be a 
facile process. The a-iodo species 198 was isolated and subjected to a variety o f 
elimination conditions. In order to remove potentially troublesome iodide salts from the 
solution, ether was chosen as the solvent to force precipitation. Initial attempts to 
perform the elimination o f 198 were carried out at -78 °C. Gratifyingly, this elimination 
did result in the formation of the E  olefin. However, the elimination reaction at this 
temperature appeared to be slow, since significant quantities o f the a-iodo species were 
still present and the product was isolated in a meager 10% yield. Several experiments 
were performed to determine the optimum temperature at which to perform this 
elimination and it was found that -15 °C provided the E  isomer in the highest yield
57
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(48%) with complete consumption o f  the a-iodo starting material (Schem e 52). The 
optical rotation for 1 was determined to be [afo = 26.5, c = 0.00204 g/mL, EtOH (Lit = 
\ a ^  = 30.1)1, which was consistent with the literature value. The ee o f  the final product 
patulolide A was determined to be 8 8 %.
o o a) Et->Zn, CH2 I2
bM 2___________





Scheme 52: Synthesis o f Patulolide A Under Kinetically Controlled Conditions
In addition to the successful preparation of patulolide A under the kinetically- 
controlled reaction conditions described above, other approaches to the synthesis o f this 
natural product were investigated. The chain extension/iodination/elimination reaction 
was performed on the ring closing metathesis product 196 prior to hydrogenation o f the 
Z-olefm. Surprising, generation o f the conjugated olefin occurred with complete E 
selectivity (Scheme 53). In order to demonstrate that the E  geometry for this
58
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Scheme 53: Alternate Method to Generate E  Olefin for Patulolide A
51%
newly generated olefin was, in fact, the thermodynamically most stable orientation for 
this molecule, compounds 199 was treated with catalytic iodine. No change or 
degradation to the molecule was observed initially; however, after three days 
isomerization o f both olefins were observed. After seven days both olefins present in this 





Scheme 54: Thermodynamic Stability o f a 12-Membered 6 /s-olefin-P-Oxo Lactone
Several attempts were made to selectively reduce the electron rich double bond of 
199. According to studies reported by Paquette56 and Lee, 57 Adam’s catalyst (P t02) can 
be used for selective reduction o f  this type. Since Lee’s report o f this selective reduction 
dealt with a very similar macrocyclic system (Scheme 55), it appeared that similar results 
could be obtained in our approach to patulolide A. However, investigation o f  a number
59








Scheme 55: Lee’s Method o f Selective Olefin Reduction
o f reaction conditions demonstrated that reduction of the electron deficient olefin 
occurred in the presence o f  Pt0 2  at a faster rate than reduction o f the electron rich olefin. 
Wilkinson’s catalyst was also investigated for this reduction; however, in a similar 
fashion to Adam’s catalyst, Wilkinson’s catalyst also reduced the electron deficient 
double bond in preference to the electron rich olefin (Scheme 55).
203
Scheme 56: Attempts to Reduce the Electron Rich Olefin In Preference to the Electron
Deficient Olefin
E. Conclusions
The utility o f the zinc-mediated chain extension chemistry developed in the 
Zercher research group has been extended to a facile method for the preparation o f a,(3-
(PPh3)Rh-Cl
60
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unsaturated-y-oxo carbonyl structural units from readily available and versatile p-keto 
esters and amides. The methodology has potential applications in the construction of 
several naturally occurring molecules, as well as providing a,P-unsaturated-y-keto ester 
substrates for diverse applications like Diels-Alder reactions, conjugate addition reactions 
to incorporate a-substitution, and palladium mediated-coupling reactions. A formal 
synthesis o f pyrenophorin was completed. The methodology was applied to macrocyclic 
lactone systems which ranged in size from 1 2 -1 5  membered rings. The reaction was 
applied to the asymmetric total synthesis of patulolide A and a racemic synthesis of 
patulolide B.
61
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CHAPTER II
A STUDY OF KETAL-DERIVED OXONIUM YLIDES
A. Introduction to Oxonium Ylides
Yiides are important intermediates in organic synthesis and are characterized by a 
positively charged heteroatom bonded directly to a carbanion possessing a full octet o f 
electrons. The chemistries o f  the well-known sulfur58 and phosphorus59 ylides (Figure 6 )
+ +  -  +  —
R PPhj R2S-C H 2 R20 -C R 2
Phosphonium Sulfonium Oxonium
Ylide Ylide Ylide
Figure 6 : Types o f Ylides
have been very well studied and these species are frequently observed60 and isolated.61 
Oxonium ylides, on the other hand, have received considerably less attention, which may 
be attributable to the highly reactive nature o f these short-lived intermediates. For many 
years, the only evidence for the existence of an oxonium ylide came from the isolation o f 
products believed to have been formed through an oxonium ylide intermediate.62 
Recently, a report on the low temp (77K) spectroscopic detection o f  an oxonium ylide 
provided the first direct evidence o f oxonium ylide generation. 63
62
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Methods to generate phosphorus and sulfur ylides have traditionally involved 
deprotonation o f the corresponding onium salts with a strong base such as sodium 
hydride or butyl lithium. Olah and coworkers64 demonstrated that while it is possible to 
produce an oxonium ylide through a traditional base-promoted method, the predisposition 
o f oxonium salts to donate alkyl groups rather than protons hinders the application of this 
chemistry in synthesis.
Decomposition o f diazo functionalities to form carbenes in the presence of 
oxygenated species has also been used to generate the reactive oxonium ylide 
intermediate. Both thermal and photochemical methods have been used to generate free 
carbenes. 65 The free carbenes, however, generally result in very complex reaction 
mixtures and do not provide a useful synthetic method due to their indiscriminant 
reactivity. Metal-catalyzed decomposition o f diazo functionality was also used and was 
slightly more selective, but it wasn’t until the development o f more selective 
organometallic catalysts that the study o f oxonium ylides was actively explored.
In 1973 Teyssie66 introduced a rhodium acetate dimer as a soluble transition metal 
catalyst. The introduction o f this catalyst and its ability to generate metallocarbenoids at 
room temperature resulted in the application of rhodium carbenoids to a diverse array of 
reactions including insertion reactions, 67 cyclopropanation of olefins, 68 cycloaddition, 69 
and ylide formation and rearrangement. 70 Since the inception o f this soluble transition 
metal catalyst, many other catalyst systems, such as palladium and copper, have been 
utilized for diazo decomposition. Significant control in ylide formation and subsequent 
rearrangement have resulted. 71
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1. Early investigations o f oxonium ylides:
Initial experiments involving the thermal and photochemical decomposition o f 
diazo carbonyl compounds in the presence o f ethereal oxygen-containing species did not 
encourage the notion that oxonium ylide formation and rearrangement would be useful in 
organic synthesis. 72 However, studies performed over a period o f 30 years by a variety o f 
research groups and investigations into the utility o f soluble transition metal catalysts 
have shown that ylide formation and rearrangement can be a very powerful tool for the 
preparation o f complex organic functionality.
In general, an oxonium ylide intermediate can undergo several unique reactive 
pathways, which include (a) P-elimination 209,73 (b) 1 ,2 -shift 207,74'75,76 and 2,3- 
sigmatropic rearrangement 208 (Scheme 57).77'78'79 The first suggestion of an oxonium
64
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Scheme 57: Reactive Pathways o f an Oxonium Ylide
ylide intermediate came from Gutsche75 in 1954. The 1,4-dioxane product 212 was 
reported to result from a 1 ,2 -shift o f an ylide formed during the thermal decomposition of 
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Scheme 58: Ring Expansion of 2-Phenyl Dioxolane 
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Nozaki and Noyori, 80 while investigating the oxygen transfer reactions with 
carbenes prepared from ethyl diazoacetate (EDA), provided additional evidence for the 
generation and synthetic utility o f oxonium ylide intermediates. Oxetane 216, isolated as 
a small by-product, was believed to be formed through a 1 ,2 -shift o f an oxonium ylide 
intermediate 214 (Scheme 59).
213 214 215 216
Scheme 59: Reaction o f Styrene Oxide with Carbenes
Noyori and co-workers performed additional studies on the behavior o f oxonium 
ylides generated through diazo decomposition in the presence o f ethereal oxygen-
Q 1
containing species. Catalytic decomposition o f methyl diazoacetate in the presence of 
oxetane 217 resulted in the formation o f furan 219, likely through ylide (218) generation 
followed by a 1,2-shift (Scheme 60). At the time o f  these studies, however, it was 
unclear whether formation o f 216 and 219 occurred through oxonium ylide formation 
followed by a 1,2-shift. An attractive mechanism which could account for the formation 
o f these products would involve the direct insertion o f the carbene into the C -0  bond.
66
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Scheme 60: Noyori’s Intermolecular Oxonium Ylide Formation and Rearrangement
Ando and coworkers identified the presence o f 2,3-sigmatropic shift 
rearrangement products o f oxonium ylide 2 2 2 , which were generated by the copper 
sulfate-catalyzed decomposition o f dimethyl diazomalonate 2 2 0  in the presence o f allylic 
ethers 221 (Scheme 61 ) . 82 The data generated in this work, as well as that reported in 
subsequent publications, 83 provided compelling evidence for the existence o f the
O O
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Scheme 61: Ando’s 2,3-Sigmatropic Shift Rearrangement
proposed oxonium ylide intermediate. The studies by Nozaki and Noyori (Schemes 59 
and 60) had suggested the intermediacy o f an oxonium ylide, which rearranged via a 1 ,2 - 
shift pathway; however, it was difficult to determine whether these 1 ,2 -shifts were
67
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occurring through the oxonium ylide intermediate or through direct insertion into C -0 
bonds. 80’81 The identification o f  a 2,3-sigmatropic rearrangement pathway with 
substituted allylic ethers provided concrete evidence for the existence o f  an oxonium 
ylide intermediate.
The early work performed by Gutsche, Noyori, Ando and others on the reactions 
o f free carbenes with oxygen-containing species provided valuable information with 
respect to oxonium ylide formation and their rearrangement pathways. These studies laid 
a strong foundation for subsequent work in which metal carbenoids were used to 
facilitate oxonium ylide formation and rearrangement.
2. Modern methods of ylide formation and rearrangem ent
The availability o f  soluble organometallic catalysts, primarily Rhi(OAc)4, 
stimulated additional investigation into the synthetic utility o f oxonium ylide 
intermediates. Intramolecular oxonium ylide formation which involved ethereal oxygens 
was first investigated by Pirrung and coworkers. 77 Decomposition o f a-diazoketone 
substrates which contained tethered allylic ethereal oxygens 224 by treatment with 
catalytic Rh2(OAc)4 resulted in formation o f oxonium ylides, which underwent a 2,3- 
sigmatropic rearrangement. This method provided efficient access to the formation of 
functionalized furan systems 225, which could be further manipulated in the construction 
o f complex molecules (Scheme 62).
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224 225
R = H, 70%
R = C02 Me, 91%
Scheme 62: First Report o f Rh2(OAc) 4 Catalyzed Intramolecular Oxonium Ylide
Formation and Rearrangement
A study which probed the competition between 2,3-sigmatropic rearrangements 
and 1,2-shifts was provided by Roskamp and Johnson . 76 Upon exposure o f substrate 226 
to Rh2(OAc)4, only products resulting from 2,3-sigmatropic rearrangement were observed 
(Scheme 63). No products resulting from a 1,2-shift were formed. An additional study
0 .0> n 2  R h 2( O A c )4 r{ \ + ri u
R - R| 0  T  R|'' o T
R ' °  R2 R , R ,
226 227 ‘ 228
R, = CH3, R, = H 60% 5%
R, = H, R2 = CH2 63%
Scheme 63: Roskamp and Johnson’s Ylide Rearrangement Study
o f competitive rearrangement was reported by West and coworkers, 84 where diazo 
decomposition o f substrate 229 with Rh2(OAc)4 afforded cyclooctanone 230 in 54% via a
2,3-sigmatropic rearrangement of an intermediate oxonium ylide (Scheme 64).
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Scheme 64: West’s Ylide Rearrangement Study
3. Oxonium ylides derived from ketals
Most o f the studies that involved oxonium ylide intermediates dealt exclusively 
with ylide formation on ethereal oxygens; however, studies have also been performed on 
ylide generation from ketal oxygens. In fact, the first proposal o f  an intermediate 
oxonium ylide was made by Gutsche in 1954 during a study o f ketal rearrangements 
(Scheme 58). However, ketal systems were not the subject o f additional investigation 
until after the development o f  the Rh (II) catalysts. Roskamp and Johnson investigated 
intramolecular oxonium ylide formation through the reaction o f an a-diazoketone 
substrate that contained a remote ketal. 76 Exposure o f substrate 231 to Rh2(OAc) 4 
resulted in ylide formation, which was followed by formation o f the 1 ,2 -endocyclic shift 
product 233 in 6 8 % and ^-elimination product 234 in 16% yield (Scheme 65).
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In a study that utilized similar substrates, Oku proposed that ^-elimination might 
become the major pathway if the 1 ,2 -shift could be interrupted through addition o f a 
proton source. Protonation o f the ylide would be expected to result in oxonium ion 
formation, which would be susceptible to capture by a nucleophile. Diazo decomposition 
o f substrate 235 in the presence o f  acetic acid did, in fact, inhibit 1,2-shift and provided 
eight-membered ring products 238 and 239 (Scheme 6 6 ) . 85 Protonation o f the


















°  c h 3 
233
R = OAc, MeOH 
Scheme 6 6 : Oku’s Ring Enlargement Experiment
intermediate ylide provided the corresponding oxonium ion, thereby demonstrating an 
additional reaction pathway for oxonium ylides.
Doyle and coworkers reported results o f their studies o f intermolecular ylide 
formation involving ketal oxygens. 86 Ylide formation catalyzed by Rh2(OAc) 4 between 
ethyl diazoacetate and 2-vinyl dioxolane 240 led to a mixture o f three products. Two 
products o f the reaction were the result of oxonium ylide formation followed by a 2,3-
71
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sigmatropic shift (241) and 1,2-shift (242) in 6 8 % and 18% yield, respectively. The third 
product (243) o f the reaction mixture resulted from the direct cyclopropanation o f the 
olefin and was produced in 14% yield (Scheme 67).
o
n, ^>C0:E' ♦ r°Y^ - °?°Y  Rh2(OAc)4  ° \__ / °  O C O iE t ^ r - c ° 2Et
6 8 % 18% 14%
241 242 243
Scheme 67: Doyle’s Intermolecular Ylide Formation with Ketals
West and Richland have also exploited ketals as a source for intramolecular 
oxonium ylide formation and rearrangement. Their examination o f benzylidine acetals 
containing a-diazoketone tethers 244 provided an interesting application o f the oxonium 
ylide chemistry to the synthesis o f medium ring ethers. Ylide formation, which was 










Rh2(OAc)4 46:1 8 8 %
Cu(hfacac) 2 14:1 94%
Scheme 68: West’s Intramolecular Ylide Formation with Acetals
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4. Zercher’s methodology of ketal-derived oxonium ylides:
A study o f ketal-derived oxonium ylides, which focused on the identification of 
factors that influenced the rearrangement o f the ylides, was undertaken by Brogan and 
Zercher. Brogan investigated variations in dioxolane substituents and ylide ring size in 
order to understand the structural features that control the various rearrangement 
pathways. Typically, Rh(II) and Cu(I) catalysts are used to initiate carbene formation 
from the diazo functionality, so efforts were made to investigate the influence o f different 
metal catalysts as well.
The influence o f carbocation/radical stabilizing substituents on the dioxolanes 
was probed. 88 Vinyl, phenyl and cyclopropyl substituents were placed at the 4 and 5 
positions o f the dioxolane and facilitated 1 ,2 -exocyclic rearrangement o f the oxonium 
ylide 248 generated in the six-membered ring. This rearrangement proceeded in 
preference to P-elimination, 1 ,2 -endocyclic shift, and, in the case o f vinyl substituents,
2,3-sigmatropic rearrangement. It is important to note that ylide formation occurred 
exclusively at the most sterically accessible oxygen and that the rearrangement took place 
with complete retention o f  configuration (Scheme 69). In addition, the rearrangement o f 
Brogan’s substrates demonstrated, for the first time, that rearrangements o f ylides 
generated from ketals did not require cleavage of the ketal functionality.
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249
R = CH=CH, 64%
C6 H5 65% 
c-C3 H5 61%
Scheme 69: Reactivity o f Carbocation/Radical Stabilizing Groups Present on the
Dioxolane
While maintaining vinylic functionalities on the dioxolane, the effect o f the ylide 
ring size on the rearrangement pathway was studied by shortening the diazo tether by a 
single carbon. An intermediate oxonium ylide was generated as part o f a five-membered 
ring upon exposure to Cu(hfacac)2. An interesting catalyst effect was observed with the 
five-membered ring ylide that had not been seen with the six-membered ring ylide. Upon 
exposure of substrate 250 to Cu(hfacac)2, two compounds were observed. Formation of 
an oxonium ylide at the most sterically accessible oxygen was followed by 1 ,2 -exocyclic 
shift to form the anticipated bicyclic ketal 252 in a 42% yield. In addition, ylide 
formation also took place at the less sterically accessible oxygen and was followed by a
2,3-sigmatropic rearrangement to provide compound 253. The 2,3-sigmatropic shift had 
not been anticipated, since this rearrangement pathway had not been observed in six-
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membered ring substrates (Scheme 69). Upon exposure o f the same substrate 250 to 
Rh2(OAc)4 , ylide formation occurred exclusively at the most sterically accessible oxygen 
and was followed by a 1,2-exocyclic shift to produce bicyclic ketal 252 in 64% yield. 














MeO->C & c h 3
64%
252
Scheme 70: Five-Membered Ring Oxonium Ylide
The hypothesis that strong radical/carbocation stabilizing groups on the dioxolane 
are required for 1 ,2 -exocyclic shifts was tested by preparation o f substrates that were 
either unsubstituted or possessed weakly stabilizing substituents such as aliphatic 
functionalities at the 4 and 5 positions o f the dioxolane. Upon exposure to catalyst, 
decomposition o f the diazo functionality o f  substrates 254 and 258 resulted in ylide 
formation (255 and 259), however the 1,2-exocyclic rearrangement was not observed.
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Instead, ^-elimination (256 and 260) and 1,2-endocyclic shift (257) products resulted. 
This result provided additional support for the hypothesis that carbocation/radical 
stabilizing substituents at the 4 and 5 positions o f the dioxolane are required for the 1,2- 
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Scheme 71: Oxonium Ylide Rearrangement with Non-Stabilizing Functionalities
Although oxonium ylides have not been exhaustively studied, recent advances in 
the understanding o f these reactive intermediates suggest that oxonium ylides may be 
applicable to organic synthesis. Diverse reaction pathways are available from oxonium 
ylides and include 1 ,2 -shifts, 2,3-sigmatropic rearrangements, and P-elimination 
reactions. All o f these rearrangements could be used to generate highly functionalized 
molecules from relatively simple starting materials. The ability to rapidly access
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compounds that contain high levels o f  complexity makes oxonium ylide generation and 
rearrangement an attractive area to exploit, yet further study is necessary to understand 
how to control and utilize these intermediates.
B. Results and discussion
1. Competitive oxonium ylide formation and rearrangement:
As a follow-up to the initial studies involving ketal-derived oxonium ylide 
formation and rearrangement performed by Brogan, we initiated an investigation 
regarding competitive ylide formation on ketals that were asymmetrically functionalized. 
Our study was designed to probe the selectivity o f oxonium ylide formation on a 
substrate 261 where a vinylic functionality was located proximal to one oxygen o f  the 
dioxolane, while the remaining oxygen contained no functionality (Figure 7).
Substrate 261 was designed to address several questions regarding ylide formation 
and subsequent rearrangement. Studies by Brogan had indicated that ylide formation on 
dioxolane oxygens adjacent to vinylic stabilizing groups followed by either a 1 ,2 - 
exocyclic shift rearrangement when the olefin was trans to the diazo tether, or by a 2 ,3 -
n 2
261
Figure 7: Substrate Designed for Competitive Ylide Formation
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sigmatropic rearrangement when the vinyl group was cis to the diazo tether. Non­
stabilizing groups did not participate in either o f those rearrangements, but instead 
facilitated rearrangement via ^-elimination or a 1,2-endocyclic shift pathway. Therefore, 
substrate 261 probes
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Scheme 72: Possible Rearrangement Pathways for Competitive Oxonium Ylide
Formation
several possible rearrangement pathways o f an intermediate oxonium ylide, including
1,2-exocyclic shift (264), 2,3-sigmatropic shift (265), ^-elimination (266), and 1,2- 
endocyclic shift (267) (Scheme 72).
Preparation o f diazo compound 261 was initiated through exposure o f methyl 
acetoacetate 268 to a benzene solution o f l-butene-3,4-diol 269, catalytic p- 
toluenesulfonic acid, and trimethylorthoformate. Ketal 270 was formed in 67% yield. 
The ester o f 270 was saponified with 2M K.OH in methanol, and the carboxylate salt was 
carefully acidified. The carboxylic acid was converted to the P-keto ester 272 according 
to the procedure o f Masamune89 in 6 8 % yield. Diazo transfer with p-
78
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carboxybenzenesulfonazide and triethylamine in acetonitrile provided diazo compound 
261 in 95% yield (Scheme 73).
O O OH 269)r 0 ^ 0  „ 2MKOH ;  i ^ o O
H jC ^^O M e HC(OMe) 3 HjC '  0Me MeOH h3c " '" ^ oh 
268 /-TsOH 271
^ _ , S 0 2N3
• / V aa) CDI ' o 0  °  h o , c ^ ^  I V> o o
} _______________  °>< X  X   ----------- ► V ° I  if
b) Mg2+(0,CCH-,C0,CH3) 2 H'c '' 0Me E t3N  H*c '  11 '3Me
'  6 8 % CH3CN n 2
272 95%
261
Scheme 73: Synthesis o f Mono Vinyl Dioxolane Diazo Compound 261
Exposure o f diazoketone 261 to both Cu(hfacac>2 at 80 °C and Rhi(OAc)4  at room 
temperature resulted in the clean conversion o f ylide 263 to ^-elimination product 266 in 
84% yield and 8 6 % yield, respectively (Scheme 74). The 'H  and l3C NMR spectra for 
this compound were very complex due to the presence o f both keto and enol forms. 
However, spectra obtained from reaction o f 261 with both Rh2(OAc)4 and Cu(hfacac)2  
were identical. Since P-elimination was the preferred rearrangement pathway o f  the ylide, 
we tentatively predicted that ylide formation had occurred at the oxygen that did not 
possess proximal allylic functionality. The resulting P-elimination p[roduct would be 
266.
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Scheme 74: Reactivity o f Monovinyl Dioxolane Diazo Compound 261
Brogan had demonstrated previously that conversion o f  ^ -elimination products to 
dioxenes was possible upon exposure to catalytic acid . 88 In order to conclusively 
determine that the ^-elimination product 266 had been produced in the reaction o f 
substrate 261, conversion to the dioxene 276 was undertaken. Exposure o f 266, obtained 
from the Rh2(OAc)4-mediated reaction, to catalytic p-TsOH in benzene with the aid of a 
Dean-Stark trap resulted in the efficient conversion o f 266 to two dioxenes, 276 and 277 
(Scheme 75). The ratio o f  the two regioisomers 276 and 277 was approximately 18:1.
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Scheme 75: Conversion o f P-Elimination Product 266 to the Dioxene
Since both isomeric dioxenes were present, the ^-elimination reaction must have 
contained both isomeric P-elimination products. The conversion of the two p-elimination 
products to the dioxenes would result in the formation o f regioisomeric dioxenes 276 and 
277 (Scheme 76). Structural assignment o f the major product, dioxene 276, was based 
upon the assumption that ylide formation had taken place preferentially on the oxygen of 
the ketal which lacked the adjacent vinyl substituent. If that assumption was not correct, 
structural assignment o f  the major isomer would need to be reversed.
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Scheme 76: Formation o f Regioisomeric Dioxenes
Although rearrangement to the dioxene did provide support for the formation o f 
the P-elimination product 276, it did not provide evidence for the identification o f which 
oxygen participated in ylide formation prior to the p-elimination reaction. In order to 
determine conclusively which oxygen participated in ylide formation, an independent 
synthesis o f dioxene 277 was undertaken.
The initial approach to the regiocontrolled preparation o f dioxene 277 was 
designed to utilize an OH insertion reaction of diazo substrate 279. Following successful 
OH insertion, the desired dioxene for structural comparison could be prepared by 
sequential acid-mediated deprotection o f the ketal, removal o f the hydroxyl protecting 
group, and dehydration (Scheme 77).
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Scheme 77: Retrosynthetic Analysis o f  the Synthesis o f Dioxene 277
Selective TBDMS protection o f the primary hydroxyl o f l-butene-3,4-diol 269 
was carried out in the presence o f imidazole and TBDMSC1 in THF and proceeded in 
83% yield. Diazo compound 279 was prepared90 and treated with Rh2(OAc)4 at room 
temperature in a solvent o f TBDMS-protected diol 282. Although diazo decomposition 
did occur under these conditions, no OH insertion product was observed. Not 
surprisingly, intramolecular oxonium ylide formation occurred on the ketal oxygen, 
which rearranged through a ^-elimination pathway to give 281 (Scheme 78).
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Scheme 78: Reactivity o f Diazo Compound 279 in Neat Alcoholic Solvent
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Since the protected ketone (ketal) functionality appeared to present competitive 
reactivity problems, the next approach to the independent synthesis o f  dioxene 277 was 
designed to avoid this competition problem. It was anticipated that dioxene 277 could be 
prepared by acyiation o f  the methyl group o f dioxene 283 through the intermediacy o f a 
lithium enolate. The presence o f  the P-heteroatom has been shown to enhance y- 
acylation/alkylation o f a,P-unsaturated carbonyl systems. 91 The substrate 283 necessary 
for acyiation was anticipated to be prepared through OH insertion o f a protected glycol 
into an a-diazo-P-keto ester. Subsequent deprotection and dehydration would provide 
the dioxene.
Cv,C0 2Me
O ^C 0 2Me
277 283
Scheme 79: Retrosynthetic Analysis o f Dioxene 277 Synthesis
Diazo compound 284 was synthesized by diazo transfer between methyl 
acetoacetate 268 and p-carboxylbenzenesulfonazide in the presence o f triethylamine in 
acetonitrile. Diazo decomposition was facilitated by Rli2(OAc)4  in the presence o f the 
protected diol 282 in refluxing benzene. The desired OH insertion reaction did occur as 
anticipated to give intermediate 285. However, the enol form o f the OH insertion 
compound 285 underwent Claisen rearrangement to provide compound 287 in 43% yield 
(Scheme 80).
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Scheme 80: Tandem o f  OH Insertion/Claisen Rearrangement Chemistry
The tandem OH insertion/Claisen rearrangement reaction is very interesting, since 
it provides rapid access to complex systems with multiple synthetic handles from very 
simple starting materials. Our observation o f the Claisen rearrangement, however, was 
not the first. Wood et. al.92 reported their discovery o f this tandem OH insertion/Claisen 
rearrangement in 1995. Several publications on the subject, including application to the 
synthesis o f natural products utilizing this chemistry, have been reported. 93
In an effort to circumvent the problems associated with Claisen rearrangement o f 
the OH-insertion product, many attempts were made to generate a diol in which the 
secondary hydroxyl group was protected. An OH insertion product involving the 
unprotected primary OH group would not be capable of undergoing the Claisen 
rearrangement. Unfortunately, protection o f the secondary hydroxyl group was found to 
be very challenging due to problems with protecting group migrations, which often gave 
mixtures o f primary and secondary protected diols. Claisen rearrangement, however, was
85
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circumvented by altering the reaction conditions used in the OH insertion. The original 
reaction was performed in refluxing benzene; however, if the OH insertion reaction was 
performed at room temperature, no Claisen rearrangement was observed (Scheme 81).
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Scheme 81: OH Insertion Chemistry Performed at Room Temperature
Following the OH insertion reaction, removal o f the TBDMS group was 
attempted using tetrabutylammonium fluoride (TBAF); however, these basic conditions 
facilitated 2,3-sigmatropic shift rearrangement to give compound 290 in 58% yield 
(Scheme 82).
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Scheme 82: 2,3-Sigmatropic Shift Chemistry Following Deprotection
Although removal o f  the TBDMS group o f 285 under basic conditions resulted in 
the rearrangement illustrated above, TBDMS removal was accomplished by treatment 
with an acetic acid/water/THF (3:1:1) mixture. No 2,3-sigmatropic rearrangement was 
observed. Dehydration o f 291 was performed by exposure to catalytic p-TsOH in 
benzene and with the aid o f  a Dean-Stark trap. Dioxene 283 was generated in 89% yield. 
Incorporation o f  the acetate group was facilitated by enolate formation with LDA and 
capture o f the anion with acetyl chloride to give 277 in 53% yield (Scheme 83).
The 'H  NMR spectrum of the independently synthesized dioxene 277 was 
compared to the dioxene 276 formed from the P-elimination product 266 (Scheme 75). 
The dioxene formed via the OH-insertion pathway was not identical to the major dioxene 
product 276 generated through rearrangement o f the P-elimination product. However,
o o
TBDM
.COiMeHOAc/H,0 .0  C 0 2Me /7-TsOH







Scheme 83: Completed Synthesis o f  Dioxene 277
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the minor dioxene isomer formed in the rearrangement o f the ^-elimination product was 
identical to the synthesized dioxene, and confirmed the structure o f the dioxene product. 
This comparison (Figure 8 ) confirmed that the ylide (263) precursor to the ^-elimination 
reaction was formed preferentially at the ketal oxygen that did not possess the proximal 
vinylic functionality.
O .CO; Me




A) ’H N M R spectrum  o f  d ioxene  277 ob ta ined  form the independent syn thesis (S c h e m e  83). 
B) 'H  N M R spectrum  o f  d ioxene  m ixture 276  and 277 (18:1) obtained from  rearrangem ent o f  P-
elim ination  p roduct (S chem e 75).
Figure 8 : Spectral Comparison o f Dioxenes 276 and 277
D. Study of Ketal-Derived Oxonium Ylides from a-Diazoketones:
The study by Brogan o f ketal-derived oxonium ylides formed from a-diazo-P- 
keto esters was supplemented by our investigation into the study o f  oxonium ylides
88
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derived from a-diazoketones. This study of a-diazoketone systems was initiated in order 
to clarify issues regarding the formation and rearrangement o f  oxonium ylides when a 
more reactive metal carbenoid is used.
Substrate 292 was synthesized by Brogan and exposed to Cu(hfacac)2  in refluxing 
benzene. Under these reaction conditions diazo decomposition resulted in formation o f 
the substituted cycloheptatriene 294 (Scheme 84). Formation o f  the cycloheptatriene 
product was the result o f the well-precedented cyclopropanation o f benzene and 
subsequent electrocyclic ring opening o f the strained intermediate 293.94 No evidence o f 
oxonium ylide formation was observed.
This reaction between a-diazoketone substrates and benzene suggested that the 
solvent used for oxonium ylide formation be modified. Halogenated solvents, like 
methylene chloride (CH2CI2), have been utilized extensively in reactions involving 
intramolecular oxonium ylide formation. Competing intermolecular reaction with the






Scheme 84: Reactivity o f a-Diazoketone Substrates in Benzene
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solvent has not been reported to be a problem with halogenated solvents, so experiments 
were undertaken with methylene chloride as the solvent.
1. Substrates possessing phenyl substituents on the remote dioxolane:
The initial substrates were designed to investigate formation and rearrangements 
o f  oxonium ylides which were part o f  five and six-membered rings. A variety of 
rearrangement pathways were considered to be possible, including C-H insertion, P- 
elimination, 1,2-endocyclic shift and 1,2-exocylic shift. Substrates for the initial study 
were chosen with aromatic functionalities on the dioxolane. As a result, 2,3-sigmatropic 
rearrangement was not possible in the initial studies. Synthesis o f substrate 299 was 
initiated by ketalization o f methyl acetoacetate 268 with hydrobenzoin 295 in the 
presence o f trimethylorthoformate and catalytic p-TsOH in benzene, which provided 
ketal 296 in 75% yield. Saponification with 2 M K.OH was followed by careful 
acidification to provide the carboxylic acid 297. The acid chloride 298 was formed by 
exposure to oxalyl chloride, and then converted to the a-diazoketone substrate 299 in 
51% yield upon addition o f a solution o f diazomethane in Et2<3 (Scheme 85).
90
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Scheme 85: Synthesis of Substrate 299
Upon exposure o f substrate 299 to Cu(hfacac) 2 in refluxing CH2CI2, 
decomposition was, in fact, followed by oxonium ylide formation at the most sterically 
accessible ketal oxygen 300. Subsequent 1,2-exocycIic shifts occurred to produce two 
bicyclic ketals 302 and 303 in 43% and 10% yield, respectively (Scheme 8 6 ). Structural 
assignment o f the major bicyclic ketal 302 was made through several spectroscopic 
methods, including 2D COSY experiments which showed the identity and connectivity of 
the C3, C4 and C5 methines. In addition, 2D NOESY experiments demonstrated a close 
through-space correlation between the C3 benzylic methine and the methyl group located 
at C 1, which further supported the stereochemical assignment at C3 (Figure 9). In
91
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Scheme 8 6 : Ylide Formation and Rearrangement o f  299
addition, analysis o f the two benzylic methines showed a Vhh = 9.5 Hz coupling 
constant. Previous studies by Brogan had demonstrated that trans substituents on similar 
bicyclic ketals exist in a twist-boat conformation, which changes the dihedral angle 
between the benzylic methines and produces a Vhh = 9-10 Hz coupling constant. 88 The 
coupling constant exhibited by the benzylic methines in bicyclic ketal 302 was consistent 
with these previous studies.
302
Figure 9: 2D NOESY Correlation Experiments o f  Bicyclic Ketal 302
The second product resulted from unanticipated oxonium ylide formation at the 
more sterically encumbered oxygen o f the ketal 301 followed by a 1,2-exocyclic shift 
(Scheme 8 6 ). The resulting bicyclic ketal 303 contained diequatorial phenyl substituents
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and was isolated in only 10% yield. Stereochemical assignment o f 303 was determined 
through examination o f  the benzylic methines, which exhibited a V hh = 11.9 Hz coupling 
constant, consistent with an antiperiplanar relationship between the C3 and C4 benzylic 
methines. In addition, NOE difference experiments were performed on this bicyclic ketal 
and an NOE was observed between one o f the methylene protons a  to the ketone and the 





Figure 10: NOE Observed Between C3 Methine and Methylene o f 303
Since catalyst effects had been observed with the reaction o f oc-diazo-P-keto 
esters, an investigation o f the reaction o f 299 with Rh2(OAc)4  was also undertaken. 
Exposure o f substrate 299 to Rhi(OAc)4  in CH2CI2 at room temperature for I hour 
facilitated decomposition o f the diazo functionality and resulted in a very complex 
reaction mixture. The major product o f the reaction resulted from oxonium ylide 
formation at the most sterically accessible oxygen, followed by a 1 ,2 -exocyclic shift to 
give bicyclic ketal 302 in 30% yield (Scheme 87). The bicyclic ketal 302 was 
spectroscopically identical to the trans bicyclic ketal 302 that was produced from the 
reaction with Cu(hfacac)2 . No products resulting from ylide formation at the least 
sterically accessible oxygen were observed. It should be noted that the 1,2-shift reaction
93






Scheme 87: Rh2(OAc)4  Mediated Oxonium Ylide Formation o f Substrate 299
pathway observed in oxonium ylide rearrangements is a forbidden process according to 
the Woodward-Hoffman rules. 95 As a result, this rearrangement is not likely to be a 
concerted process, but rather through a heterolytic or homolytic cleavage o f the oxonium 
ylide intermediate.
A substrate 308, which maintained phenyl substituents on the 4 and 5-positions o f 
the dioxolane and extended the diazo tether by a single carbon, was synthesized in the 
same manner as 299. Ketalization of methyl levulinate with hydrobenzoin in the 
presence o f  catalytic p-TsOH and trimethylorthoformate proceeded in 82% yield to give 
305. Saponfication to the carboxylic acid 306, followed by exposure to oxalyl chloride 
provided compound 307. The acid chloride was subjected to a solution o f diazomethane 
in Et2 0  to provide the desired a-diazoketone substrate 308 in 63% yield over three steps 
(Scheme 88).
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Scheme 88: Synthesis o f Substrate 308
Exposure o f308 to Cu(hfacac)2 in refluxing CH2CI2 resulted in formation o f a 
product 310 generated from oxonium ylide formation at the most sterically accessible 
oxygen 309, followed by a 1,2-exocyclic shift. The bicyclic ketal 310 was generated in 
52% yield (Scheme 89). Structural identification was made through 2D COSY 


















Scheme 89: Catalytic Diazo Decomposition of Substrate 308
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methines o f bicyclic ketal 310. The Vhh =  9.5 Hz coupling constant between the 
benzylic methines at C4 and C3 was consistent with the assignment o f the trans phenyl 
substituents with the six-membered ring dioxane oriented in a twist-boat fashion. In 
addition, 2D NOESY experiments again showed a correlation between the C3 methine 
and methyl group located at C l (Figure 11), which served to demonstrate the
Figure 11: 2D NOESY Correlation Experiments o f Bicyclic Ketal 310
stereochemical orientation o f the phenyl substituent at C3. In contrast to the study o f the 
ylide contained in the five-membered ring (Scheme 8 6 ), no products that resulted from 
ylide formation at the less sterically accessible oxygen were observed.
Exposure o f substrate 308 to Rh2(OAc)4  in CHiCIt at room temperature resulted 
in formation of a complex reaction mixture. The major product isolated from this 
mixture was 310, which was the result o f formation of the an oxonium ylide at the most 
sterically accessible oxygen, followed by a 1,2-exocycIic shift (Scheme 89). The product 
was identical to the product isolated from the Cu(hfacac)2  catalyzed reaction.
2. Substrates possessing vinylic substituents on the dioxolane:
As described above, studies of a-diazoketone substrates which contained phenyl 
substituents on the 4 and 5-positions o f the dioxolane demonstrated that oxonium ylide
310
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formation and rearrangement does occur. In an effort to enhance our understanding o f 
these ylide rearrangements, studies were undertaken to investigate the effects that vinylic 
functionalities had on the oxonium ylides. It was anticipated that the presence of the 
vinylic substituent at the 4 and 5 positions o f the dioxolane would add complexity to the 
product formation, in that 2,3-sigmatropic rearrangements o f  the intermediates would be 
possible. Substrate 315 was designed in order to investigate the effects o f vinylic 
substitution on formation and rearrangement of a five-membered ring ylide. The trans- 
relationship o f the olefins in substrate 315 presented opportunities for both a 1,2- 
exocyclic shift and a 2,3-sigmatropic rearrangement. Substrate 315 was synthesized in a 
similar manner as substrate 299 where ketalization o f methyl acetoacetate 268 with a 
mixture o f  meso and d/l l,5-hexadiene-3,4-diol 311 was facilitated byp-TsOH in 
trimethylorthoformate. Ketal 312 was produced in 85% yield as a 1:1 mixture o f meso 
and trans diastereomers. Careful chromatographic separation provided the trans isomer 
312 in 36% yield. Compound 312 was subjected to saponification conditions with 2M 
KOH in methanol to give the carboxylic acid 313, which was then exposed to oxalyl 
chloride to give acid chloride 314. Addition of a solution o f diazomethane in Et2 0  
provided the desired a-diazoketone substrate 315 in 70% yield over three steps (Scheme 
90).
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Scheme 90: Synthesis o f Substrate 315
Following exposure o f substrate 315 to Rh2(OAc) 4 in CH2CI2 at room 
temperature, two rearrangement products were observed. Ylide formation at the most 
sterically accessible oxygen followed by a 1 ,2 -exocyclic shift provided bicyclic ketal 318 
in 29% yield (Scheme 91). The core structure o f bicyclic ketal 318 was determined 
through selective 'H NMR homonuclear decoupling experiments, which demonstrated 
the connectivity between the C3, C4 and C5 methines o f 318. Stereochemical 
assignment o f bicyclic ketal
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Scheme 91: Reactivity o f  Substrate 315 with Rh2(OAc)4
318 was made through simple investigation o f the *H NMR spectrum. The Vhh -  7.6 Hz 
coupling constant exhibited between the allylic methines at C3 and C4 supported the 
trans diaxial stereochemical assignment o f bicyclic ketal 318, since similar bicyclic 
ketals have been shown to exist in a twist-boat conformation. Ylide formation at the 
more sterically hindered oxygen followed by a 1 ,2 -exocyclic shift would produce the 
trans diequatorial substitution pattern as part of the bicyclic ketal 320. This result is 
considered unlikely, since the coupling constant between the C3 and C4 allylic methines 
would be much larger due to the antiperiplanar relationship o f  the C3 and C4 methines.
Additional evidence against the formation o f 320 include the observation that 
ylide formation at the less sterically accessible oxygen was followed by a 2,3-sigmatropic 
rearrangement. The rearrangement product 319 readily eliminated to provide furenone 
compound 321 in 53% yield (Scheme 91). The structural assignment of furenone 321
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was made through *H homonuclear decoupling experiments, while comparison o f  l3C 
NMR spectral data to the literature reports o f the carbon resonances for an 0,(3- 
unsaturated ketone o f  a similar furenone ring provided additional support.96 The 
geometric assignment o f the Z olefin was made through selective homonuclear 
decoupling experiments, which revealed a Vhh = 10.2 Hz coupling constant between the 
olefinic methines. Furenone 321 appears as a 1:1 mixture o f two diastereomers, which 
results from epimizeration at the C2 methine (Figure 12). The acidity o f  this proton was 
demonstrated through simple deuterium exchange by treatment with DiO.
321 322
Figure 12: Deuterium Exchange Experiment o f Furenone 321
The formation of 2,3-sigmatropic rearrangement products from a-diazoketone 
substrates was interesting when compared to the behavior of substrates in Brogan’s study 
o f a-diazo-p-keto esters. The rearrangement pathway that predominated with those 
substrates was the 1,2-exocyclic shift. 88 An attractive explanation is that removal o f  the 
ester functionality from these substrates significantly decreases the steric environment 
about the carbenoid and accomodates ylide formation on the more sterically hindered 
oxygen, which is a requisite for the 2,3-sigmatropic rearrangement.
Exposure o f the identical fra/w-olefin a-diazoketone substrate 315 to Cu(hfacac)2  
in refluxing CH2CI2 resulted in diazo decomposition and subsequent ylide formation and
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rearrangement to produce a very complex reaction mixture (Scheme 92). The ylide 
derived from this substrate/catalyst mixture rearranged via three major pathways. 
Compound 321, which results from sequential ylide formation, 2,3-sigmatropic 
rearrangement, and elimination, was isolated in highest yield (36% yield). Production o f 
the ^-elimination product 324 took place in 26%. Two stereoisomeric products 318 and 
323, which resulted from ylide formation at the most sterically accessible oxygen 













Scheme 92: Reactivity o f Substrate 315 with Cu(hfacac) 2
The production o f  ^ -elimination product 324 could possibly have been facilitated 
by the presence of trace quantities o f water, which was shown by Brogan to promote {3- 
elimination o f intermediate oxonium ylides. Structural assignment o f  ^ -elimination 
product 324 was possible through *H and l3C NMR spectral analysis.
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Formation o f c/s-divinyl substituted bicyclic ketal 323, albeit in trace quantities, 
was unanticipated, since inversion at C4 during the rearrangement pathway was 
necessary to orient the olefins into a cis relationship. This result was surprising, since no 
evidence of 1 ,2 -shift with inversion o f configuration had been observed with similar 
substrates in Brogan’s studies or in the present investigation. Since the 1,2-shift is a 
forbidden process according to the Woodward-Hoffman rules, 95 this inversion of 
stereochemistry is likely to have resulted from ylide formation followed by heterolytic 
cleavage. Rotation around the carbon-carbon bond in the intermediate allyl cation 325 
would provide the opportunity for closure on either face o f the cation, which would 
produce two isomeric products. (Scheme 93). In addition to the heterolytic cleavage 
intermediate, the possibility o f homolytic cleavage prior to rearrangement should be 
considered, since diradical intermediates have been detected in 1 ,2 -shifts of ether-derived








Scheme 93: Fragmentation Prior to Carbon Migration
ketal 318 was made through 'H NMR spectral comparison to the identical ketal generated 
from the m -divinyl substrate 330 (Figure 14), which is described later in this report.
The two meso ketals that were isolated following ketalization o f methyl 
acetoacetate (Scheme 90) were not separated, but were carried on together to produce the
1 0 2
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meso a-diazoketone substrates 329 and 330. Saponification o f esters 326 were carried 
out using 2M KOH in methanol to give the two diastereomeric carboxylic acids 327. 
Exposure of acids 327 to oxalyl chloride produced the desired acid chlorides 328, which 
were then exposed to a solution o f diazomethane in Et2 0  to produce the desired a -  
diazoketone substrates 329 and 330. These isomers were easily separated by 
chromatography to give 329 in 38% and 330 in 14% yield (Scheme 94). Stereochemical 
assignment o f meso isomers 329 and 330 was not possible at this time, but reactivity 
differences eventually allowed the assignment.
2MKOH (COC1),
H MeOH ° > ^  A  benzene
3 , , ,  0Me h,c32o
327
- A c h 2n 2
0 ) 0  9 ---- ° > f  X  °v 1
h3cX ^ ci Et2°  h3C i) H3c^ l l
3 No N,
328 3 8 % 1 4 %
over three over three 
steps steps
329 330
Scheme 94: Synthesis o f  meso Substrates 329 and 330
The meso substrate 330 was exposed to Cu(hfacac)2  in refluxing CH2CI2, which 
resulted in formation of furenone 333 in 60% yield. The product was likely generated 
through oxonium ylide formation followed by a 2,3-sigmatropic rearrangement. 
Elimination provided access to the furenone 333. The resulting olefin was again 
determined to possess the Z configuration based on the 3J Hh = 10.2 Hz coupling constant
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exhibited by the olefinic protons (Scheme 95). The observation o f 2,3-sigmatropic shift 
confirmed the orientation o f the vinylic groups o f substrate 330 as being directed toward 
the diazo tether. The stereochemical assignment o f  meso substrates 329 and 330 was 
now possible.
In addition, two bicyclic ketals 323 and 318, which resulted from 1,2-shift o f the 
ylide were formed in a 1:1 ratio in a total 10% yield. The structural connectivity of 
bicyclic ketals 323 and 318 were elucidated through homonuclear decoupling 
experiments, which demonstrated the connectivity between the C3, C4 and C5 methines. 
The stereochemical orientation of the vinylic functionality at C3 of cis bicyclic ketal 323 
was determined through simple ID NOE difference experiments. An NOE was observed 
at the C3 methine when the methyl at Cl was irradiated (Figure 13), providing the 










Scheme 95: Reactivity o f meso Substrate 330 with Cu(hfacac) 2
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Figure 13: NOE Enhancement Experiment of Bicyclic Ketal 323
Structural assignment o f  bicyclic ketal 318, which contained the olefinic functionalities in 
a trans relationship was determined by direct *H NMR spectral comparison to the trans- 
divinyl bicyclic ketal 318 obtained from the diazo decomposition o f /ra/is-divinyl 
substrate 315 in Scheme 92 (Figure 14). In addition, the structural and stereochemical 
identification of c/s-divinyl bicyclic ketal 323 obtained from the diazo decomposition o f 
/rans-divinyl substrate 315 (Scheme 92) was determined through this same spectral 
comparison.
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Figure 14: Spectral Comparison o f Bicyclic Ketal 323
Exposure o f the same meso substrate 330 to an alternate catalytic system 
(Rh2(OAc)4 in CH2CI2 at room temperature) resulted in a very complex reaction mixture. 
Once again, two bicyclic ketals 323 and 318 were isolated in a 1:2.5 ratio in a total yield 
o f  7%. In addition, furenone compound 333 was produced in a diminished 31% yield 










Scheme 96: Reactivity o f  meso Substrate 333 with Rh2(OAc) 4
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Rearrangement o f the oxonium ylide generated from the isomeric meso compound 
329 was also investigated. Since the stereochemistry o f meso 330 was assigned as having 
the vinyl groups directed toward the diazo functionality, the isomeric meso substrate 329 
must have the vinyl groups directed away from the diazo tether. Since the potential for
2,3-sigmatropic rearrangement pathway is absent from substrate 329, alternate 
rearrangement pathways were anticipated to predominate. Following exposure of 
substrate 329 to Cu(hfacac)2  in refluxing CH2CI2, an inseparable mixture o f bicyclic 
ketals 334 and 320 were isolated in 45% yield and a 1.5:1 ratio (Scheme 97).




M 9  N, reflux
45%
Scheme 97: Reactivity o f meso Substrate 329 with Cu(hfacac) 2
Homonuclear decoupling experiments provided the structural assignment o f both 
bicyclic ketals 334 and 320. The trans diequatorial bicyclic ketal 320 was formed 
through a 1,2-shift pathway with inversion at the migrating carbon. A Vhh = 11.3 Hz 
coupling constant between the allylic methines supported the assignment o f an 
antiperiplanar relationship between these protons, thus, providing evidence for the 
assignment of the fra/K-diequatorial relationship o f the olefinic functionalities. A 
product with the anticipated cis relationship o f the vinyl groups was observed in bicyclic 
ketal 334. A Vhh = 4.3 Hz coupling constant was consistent with this assignment. As
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expected, no 2,3-sigmatropic rearrangement product was observed due to the orientation 
o f  the vinylic functionalities away from the diazo tether (Scheme 97).
Exposure o f the identical meso substrate 329 to Rh2(OAc)4  in CHiCh at room 
temperature provided an inseparable mixture o f bicyclic ketals 334 and 320 in a 1.5:1 
ratio in a combined 72% yield. Both of these ketals, once again, resulted from ylide 
formation followed by a 1,2-exocyclic shift (Scheme 98). The efficiency o f product 
formation was significantly increased through the use o f  RJi2(OAc)4  as the catalyst.
Substrates 315,329, and 330 had a single methylene between the diazoketone and 
the dioxolane, which led to formation of an ylide contained in a five-membered ring. The 
next substrate 338 in this study was designed to result in formation of an oxonium ylide 
that was contained in a six-membered ring. This was accomplished by preparation o f a 
system that possessed two methylene groups between the divinyl dioxolane and the 
diazoketone. Synthesis o f  substrate 338 was carried out using a similar approach 
described for the acetoacetate-derived substrates. Ketalization o f methyl levulinate with a 
mixture o f meso and d/l l,5-hexadiene-3,4-diol in the presence of catalytic p-TsOH and 
trimethylorthoformate provided ketal 335 in 90% yield as a 1:1 mixture o f diastereomers. 
Extensive chromatographic separation provided the trans isomer 335 in 40% yield.
72%
Scheme 98: Reactivity o f meso Substrate 329 with Rh2(OAc)4
108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Compound 335 was subjected to saponification conditions with 2M KOH in methanol to 
give the carboxylic acid 336, which was then exposed to oxalyl chloride to give acid 
chloride 337. Addition o f a solution o f diazomethane in Et2 0  provided the desired a- 
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Scheme 99: Synthesis o f Substrate 338
Exposure o f  substrate 338 to Cu(hfacac)2  in refluxing CH2CI2 resulted in a very 
complex reaction mixture; however, a mixture o f bicyclic ketals 339 and 340 were 
isolated in 47% yield in an 11:1 ratio (Scheme 100). Formation o f the frer/w-diviny! 
bicyclic ketal was expected as a result o f sequential oxonium ylide formation at the more 
sterically accessible oxygen and a 1 ,2 -exocyclic shift with retention o f configuration at 
the migrating carbon. Formation o f the c/s-oriented vinylic functionalities of bicyclic 
ketal 340 appeared to have again resulted from ylide formation followed by 1,2-exocyclic 
shift with inversion of stereochemistry at the migrating carbon.
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Scheme 100: Reactivity o f  Substrate 338 with Cu(hfacac)2
The structures o f  bicyclic ketals 339 and 340 were elucidated through 
homonuclear decoupling experiments that showed connectivity between the C3, C4 and 
C5 methines. Simple ID NOE difference experiments performed on the trans bicyclic 
ketal 339 showed an enhancement o f the allylic methine at C3 when the methyl at Cl was 
irradiated, which supports the stereochemical assignment o f the oleflnic functionality at 
the C3 carbon (Figure 15). In addition, the V =  8.9 Hz coupling constant exhibited
between the two allylic methines at C3 and C4 were consistent with the proposed trans 
relationship between the oleflnic functionalities, since these bicyclic ketals have been 
reported to exist in a twist-boat conformation.
The structure o f bicyclic ketal 340, which possesses the vinylic functionalities in a
o.
339
Figure 15: NOE Enhancement Experiment o f Bicyclic Ketal 339
cis relationship, was assigned based on direct comparison of 'H NMR spectra (Figure
16). The basis o f  the assignment is described later in this chapter.
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Exposure o f  trans substrate 338 to Rh2(OAc)4  in CH2CI2 at room temperature also 
produced a very complex reaction mixture. Bicyclic ketal 339 was the only product 
isolated from the reaction mixture albeit in a meager 22% yield (Scheme 101). 
Interestingly, inversion o f stereochemistry at the C4 carbon was not observed with the 
RJi2(OAc)4-mediated reaction.
No 2,3-sigmatropic shift rearrangement product was observed following exposure 
o f trans substrate 338 to either Cu(hfacac)2  or Rh2(OAc)4  catalysts. As described 
previously, formation of ylides contained in five-membered rings which possessed 
appropriately presented vinylic functionalities were followed by 2,3-sigmatropic 
rearrangements o f  varying efficiencies. However, the larger, six-membered cyclic 
oxonium ylides do not participate in the same rearrangement.
The two inseparable meso ketals that were produced in the ketalization o f methyl 
levulinate with 1,5-hexadiene-3,4-diol were converted in the same manner to the desired 
a-diazoketone 334. Saponification o f esters 341 were carried out using 2M KOH in 
methanol to give the carboxylic acid 342. Exposure o f 342 to oxalyl chloride produced 
the desired acid chloride 313, which was exposed to an ethereal solution of diazomethane 
to produce the desired diastereomeric a-diazoketone substrates 344 in 84% yield as an 





Scheme 101: Reactivity o f Substrate 338 with Rh2(OAc) 4
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Scheme 102: Synthesis o f  meso Substrates 344
N ,
Exposure o f the mixture o f  meso substrates 344 to Cu(hfacac) 2 in refluxing 
CH2CI2 resulted in a very complex reaction mixture. However, the major fraction 
isolated via chromatography contained an inseparable mixture o f three compounds in a 
10:3:1 ratio in 42% yield (Scheme 103). Interestingly, production o f /raws-divinyl
N Cu(hfacac) 2
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bicyclic ketal 339 was observed in this product mixture, albeit in trace quantities. Ylide 
formation followed by a 1 ,2 -exocyclic shift with inversion o f the migrating carbon can 
account for formation o f 339. Structural and stereochemical assignment o f  bicyclic ketal 
339 was made through direct *H NMR spectral comparison to the /ra/is-divinyl bicyclic 
ketal 339 produced following diazo decomposition o f fra/w-divinyl substrate 338 
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A) Mixture o f bicyclic ketals obtained from diazo decomposition o f /rans-substrate 338 (Scheme 100). 
B) Mixture o f  bicyclic ketals obtained from diazo decomposition o f  m -substrate 344 (Scheme 103). 
Figure 16: (H NMR Spectral Comparison o f Bicyclic Ketals 339 and 340
The major product in this mixture was c/s-divinyl bicyclic ketal 340 which 
resulted from 1 ,2 -shift with retention o f configuration o f an intermediate oxonium ylide. 
The structure o f bicyclic ketal 340 was elucidated through selective 'H homonuclear
113
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decoupling experiments, which clearly showed the connectivity between the C3, C4 and 
C5 methines o f  this molecule. In addition, NOE difference experiments demonstrated an 
NOE at the C3 allylic methine when methyl group located at C l was irradiated (Figure
17). This provided evidence to support the stereochemical assignment o f  the vinylic 
functionality at C3. The stereochemical assignment of the olefinic functionality at C4
methines at C3 and C4. As stated previously, similar [3.3.1]-bicyclic ketals in which the
3,4-divinyl functionalities are oriented in a frans-pseudo-diaxial relationship exist in a 
twist-boat conformation, and typically exhibit coupling constants on the order o f 9-10 
Hz. The fact that the coupling constant observed for bicyclic ketal 340 is significantly 
smaller than normally exhibited for a rra/js-pseudo-diaxial relationship helps to support 
this assignment o f  stereochemistry at C4. In addition, since the /ra/is-pseudo-diaxial 
vinylic bicyclic ketal 339 was observed in the product mixture, the relationship between 
the C3 and C4 vinylic groups o f bicyclic ketal 340 must be cis.
The third component o f  the reaction mixture appeared to be the cis bicyclic ketal 
345 (Scheme 103). Overlapping *H NMR signals made conclusive stereochemical and 
structural identification o f this product extremely challenging; however, 'H and 13C NMR
340
Figure 17: NOE Enhancement o f Bicyclic Ketal 340
was supported by the V Hh = 5.5 Hz coupling constant exhibited between the allylic
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resonances were observed which indicated the presence o f this third bicyclic ketal. A 
resonance at 4.15 ppm in the 'H spectrum was indicative o f  the presence o f the 
bridgehead methine at C5 and a resonance at 98.0 in the ,3C NMR spectrum was 
consistent with the existence o f the ketal carbon.
3. Substrates designed with ester functionalities on the dioxolane
Following the investigation o f oxonium ylide formation and rearrangement on 
substrates possessing either olefinic or aromatic functionalities on the dioxolane, 
substrates which contained ester functionalities were investigated in order to determine 
the effect o f  these functional groups on rearrangement pathways following ylide 
formation. Substrate 349 was synthesized by ketalization o f benzyl acetoacetate with bis- 
TMS protected diethyl-L-tartrate in the presence o f catalytic 
trimethylsilyltrifluoromethanesulfonate (TMS-OTf) to produce compound 347 in 50% 
yield. Hydrogenation o f the benzyl ester produced the acid 348 in 97% yield, which was 
subjected to oxalyl chloride to provide the acyl chloride. The acid chloride was exposed 
to a solution o f diazomethane in Et20  to provide the desired a-diazoketone substrate 349 
in 9% yield (Scheme 104). The low yield o f diazoketone formation could likely be 
improved with additional optimization o f the reaction conditions. However, the amount 
of the desired substrate obtained was sufficient to study the oxonium ylide formation and 
rearrangement.
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Scheme 104: Synthesis o f Substrate 349
Diazo decomposition of substrate 349 was facilitated upon exposure to either 
Cu(hfacac)2  o r Rh2(OAc>4 , both o f which resulted in dimerization o f the substrate to form 
350 (Scheme 105). Several sets of conditions, including variations in temperature and 
concentration were investigated to prevent this dimerization and facilitate oxonium ylide 
formation. Unfortunately, however, all sets o f conditions resulted in the formation o f 
dimer 350. Structural identification o f dimer 350 was made through simple analysis o f 
the 'H and l3C NMR spectra and mass spectrometric analysis.
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Scheme 105: Reactivity o f Substrate 349
The electron withdrawing effects o f  the ester functionality appeared to 
significantly reduce the nucleophilicity o f the oxygens of the dioxolane. As a result, 
ylide formation did not occur and an alternate reaction occurs which involves 
dimerization o f the substrate.
Conclusions:
The intramolecular formation of ketal-derived oxonium ylides by the metal- 
catalyzed decomposition o f a-diazoketone substrates occurs readily. Several 
rearrangement pathways o f the intermediate ylides are observed. The ylides derived from 
a-diazoketones, in most cases, produce very complex reaction mixtures in contrast to the 
studies on ylide formation resulting from the decomposition o f a-diazo-p-keto ester 
substrates performed by Brogan. Ylide ring size was a major factor in the reactive 
pathways o f these intermediates when vinylic functionalities were incorporated at the 4 
and 5 positions o f  the dioxolane. Five-membered ring ylides demonstrated a strong 
propensity for 2,3-sigmatropic rearrangement while six-membered rings showed a 
preference for 1 ,2 -exocycIic shifts which resulted in formation o f  functionalized bicyclic
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ketals. The significant formation o f 2,3-sigmatropic rearrangement products from five- 
membered ring ylides stands in contrast to Brogan’s study o f a-diazo-P-keto esters where 
1 ,2 -shift rearrangement was the preferred reactive pathway.
In addition, 1,2-shifts that were observed following formation o f ylides in a five- 
membered ring frequently proceeded with inversion of configuration at the migrating 
carbon, which resulted in complicated reaction mixtures. Although inversion o f 
configuration does occur in trace quantities with the fraws-divinyl substrate 315 when 
exposed to Cu(hfacac)2, inversion o f configuration occurred to the largest extent when 
substrates possessing the olefins in a cis orientation 329 and 330 were exposed to either 
Cu(hfacac)2  or Rh2(OAc)4 . This stereochemical dependence indicates that the stability of 
the resulting bicyclic ketal is an important determining factor in the extent o f inversion 
which occurs at the migrating carbon. This, once again, differs greatly from the 
reactivity of the a-diazo-P-keto ester substrates, where inversion was observed on only a 
single substrate and in small quantities. Interestingly, similar substrates that contained 
aromatic substituents on the dioxolane also participated in 1 ,2 -exocyclic shifts; however, 
inversion of the migrating carbon did not occur. Only bicyclic ketals possessing trans 
oriented aromatic functionality, regardless o f the catalyst used, were observed.
Catalyst size appears to play an important role in ylide selectivity o f 
diastereotopic oxygens. Ylide formation involving diphenyl dioxolane substrates occurs 
preferentially at the sterically most accessible oxygen with either Cu(hfacac)2  or 
Rh2(OAc)4  catalysts; however, Cu(hfacac)2 did, albeit in small quantities, facilitate ylide 
formation at the least sterically accessible oxygen. Incorporation o f ester functionalities
118
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on the dioxolane did not facilitate intramolecular ylide formation on the dioxolane 
oxygen, but instead resulted in intermolecular dimerization.
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1. Discovery of the spirolactone rearrangement:
As described in the previous chapter, the study of ketal-derived oxonium ylide 
formation and their subsequent rearrangement has been a central focus o f our research 
group’s efforts. One o f the outcomes o f this study has been the ability to prepare bicyclic 
ketal skeletons with efficient stereocontrol. We are intrigued by the potential synthetic 
utility o f these bicyclic systems, and for this reason we have begun to investigate 
synthetic manipulation o f this bicyclic ketal system. One potential intruiging use o f these 
bicyclic ketals would involve formation and rearrangement of a second oxonium ylide 
within the ketal functionality. A significant increase in complexity would, once again, 
result. The successful performance o f  a second oxonium ylide rearrangement on the 
bicyclic ketals could provide access to spiro ketals contained within a larger macrocyclic 
ring (Scheme 106). Although a detailed description o f our investigations into ylide 
formation and rearrangement on the bicyclic ketals will not be included in this report, one 
interesting observation was made that is worthy o f discussion.
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Scheme 106: Oxonium Ylide Formation and Rearrangement on a Bicyclic Ketal
In an attempt to facilitate the transformation described in Scheme 106, protection 
o f the ketone carbonyl found on the bicyclic ketal o f 351 was thought to be necessary to 
prevent intermolecular carbonyl ylide formation and to enhance the opportunity for 
intramolecular oxonium ylide formation with the ketal. Attempted ketalization o f the 
carbonyl using the bis-TMS ethylene glycol in the presence o f catalytic TMS-OTf did not 
result in the formation o f the ketal-protected carbonyl; instead, exposure o f bicyclic ketal 








Scheme 107: Spirolactonization o f Bicyclic Ketal 355
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A mechanism for the TMS-OTf mediated spirolactonization o f bicyclic ketal 354 
likely proceeds through association o f the TMS cation to the ketal oxygen o f 354 and 
opening o f  the ketal to provide a stabilized carbocation. Lactonization with extrusion o f 
methoxide and removal o f a proton adjacent to the ketone would provide the spirolactone 







Scheme 108: Proposed Mechanism for the TMS-OTf Mediated Spirolactonization
2. Introduction to hyperolactones:
A family o f  natural products known as the hyperolactones (Figure 18) contain a 
very similar core structure to the spirolactone generated above . 98'99 The
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357 358 357
Hyperolactone A Hyperolactone B Hyperolactone C
Figure 18: Hyperolactones
hyperolactones are isolated from an Asian group of plants known as the Guttiferae family 
which have been used for folk medicines, dyes and antiseptics. Hyperolactone A, the 
first member o f this family, was isolated and characterized in 1989 by Tada and 
coworkers98 from the leaves and stems o f Hypericum chinense L. The isolation and 
characterization of hyperolactones B and C from the same species was reported in 1995." 
Although little is known about the biological activity o f these natural products, the 
heavily oxidized bicyclic structure presents a significant challenge to the synthetic 
chemist.
a. Kfnishita’s synthesis o f hyperolactone A
The first synthesis of a racemic hyperolactone A was reported by Kinoshita and 
coworkers in 1997.100 Their approach involved a lengthy sequence in which 2- 
methylbutanal 360 was used as the starting material in a four-step construction o f 
aldehyde 364. Lactone 366 was prepared through application o f a literature procedure. 101 
Following their preparation these intermediates were joined through an aldol reaction to 
produce 368. Conversion o f intermediate 368 to the final product required three 
additional steps and resulted in the formation o f isomers 357 and 373. No 
diastereoselection was observed in the synthetic route (Scheme 109).
123
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Scheme 109: Kinoshita’s Synthesis o f Hyperolactone A
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B. Results and Discussion
I. Synthesis o f hyperolactone analogues:
Our approach to this family o f natural products was designed to utilize both the 
oxonium ylide methodology and Lewis acid-mediated rearrangement that had been 
developed earlier in our research group. We believed that hyperolactone C, with its 
phenyl substituent at C l, provided the best target for testing our methodology (Scheme 
110). However, the cation-stabilizing ability o f  the phenyl group presented a potential 
hindrance to the requisite 2,3-rearrangement.
Scheme 110: Retrosynthetic Approach to the Core o f Hyperolactone C
The oxonium ylide rearrangement methodology that had been developed in our 
group utilized symmetrically-substituted five-membered ketals that contained cation- 
stabilizing functionality at C4 and C5 o f a dioxolane. Ylide formation and 1,2-shift 
would give rise to a bicyclic ketal with the cation-stabilizing functionality at the C3 and 
C4 position (see Compound 318 in Scheme 91 and Compound 249 in Scheme 69). Upon 
rearrangement to the spirolactone (see Scheme 107), the C4 substituent would appear at 
the (3-position o f the lactone and a substituent at the C3 position would appear at the y- 
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position; no y- substitution is present. Therefore, the preparation o f a bicyclic ketal with 
a single substituent at the C4 position (compound 375) was desirable.
Calter and coworkers, 102 however, have utilized a seven-membered symmetrical 
ketal on similar diazo substrates. Ylide formation and 2,3-sigmatropic rearrangement of 
their substrate provided a bicyclic ketal that contained a single olefin at the C4 position 
378 (Scheme 111), with only protons at the C3 position. This substitution pattern 
appears to be much more applicable to the hyperolactone core. For this reason we
d g  o Rh->(OAc)4  y —y
X Y - o ,
n 2 reflux ^  „
377
Scheme 111: Calter’s Oxonium Ylide Study
decided to utilize Calter’s variation in an approach to the bicyclic ketal. All o f the 
substrates in Calter’s study were acetal (protected aldehydes) derivatives; however, 
hyperolactone C required the incorporation o f a phenyl substituent at the 2-position o f the 
acetal. In order to determine if  an approach to hyperolactone C 359 through oxonium 
ylide rearrangement was feasible, a model system was generated in which an aromatic 
group was attached to the ketal skeleton. Synthesis o f the model substrate 384 was 
initiated through TMS-OTf catalyzed ketalization of ethyl benzoyiacetate 379 with bis- 
TMS protected c/s-2-butene-l,4-diol 380 in 84% yield. Saponification o f 382 with 2 M 
methanol ic KOH provided carboxylic acid 282, which was then converted to the (3-keto 
ester 383 in 61% yield. Diazo transfer was facilitated using
126
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/ 7-carboxybenzenesulfonylazide to form the desired substrate 384 in 93% yield (Scheme 
112).
o o  TMSO OTMS 380 (o \  2 MKOHr ( t o
P f i ^ O E t  TMS-OTf p h ^ ^ O E t  methanol p i t s / x>h 
379 CH2C12 8 4 o/o  87%
381 382
a > C D I  ,
b )B “2Mg (Jo o  m z C X J  ( J > o  o
'O M e
HO'''s / ''OMe 61% 1 1^31^, v-ii3v-i> Nz
383 93%
384
s !  — ---------------- ► X Y c
A A u . * ,« . Et N ,CH CN I
Scheme 112: Synthesis o f Substrate 384
Diazo decomposition o f 384 was facilitated by treatment with Rh2(OAc)4 . An 
oxonium ylide intermediate 385 was generated and subsequently rearranged through a 13- 
elimination pathway to give 388 in 60% yield (Scheme 113). Formation o f the
127



















Scheme 113: Reactivity o f  Substrate 384 with Rh2(OAc)4
^-elimination product and the absence o f  2,3-sigmatropic rearrangement was 
disappointing. The presence o f a cation-stabilizing aromatic substituent appears to 
promote cleavage o f the ylide’s ketal functionality. As a result, the ^-elimination 
pathway dominates. The precise role o f the aromatic ring in promoting oxocarbenium 
ion formation and facilitating ^-elimination is unclear, although a study of aromatic 
substituents could provide further information.
In light o f this result, we turned our attention to substrates that did not possess 
stabilizing groups directly attached to the ketal carbon. We chose to investigate substrate 
391, which was first explored by Calter. 102 We envisioned the incorporation o f  aromatic 
functionality into the resulting spirolactone 389 through either a palladium-catalyzed 
coupling (Heck) or cross-coupling (Stille) reaction (Scheme 114). Synthesis
128
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Scheme 114: Incorporation o f Aromatic Functionality
of model substrate 391 began by formation o f a mixed orthoester 392 from c/s-2-butene- 
1,4-diol and trimethylorthoformate in the presence o f catalytic p-TsOH. Lewis acid- 
mediated coupling o f the mixed orthoester 392 with TBDMS enol ether 393 was 
facilitated with BF3-OEt2 and produced substrate 391 in 58% yield (Scheme US).
/ = \  HC(OMe) 3 a)BF3 -OEt2 Q Q
I I --------- ^ 7 - ^ 7 : ------ ►  n  n  ►  ,0 II II
rfSO O
A / ,
HO OH p-TsOH V  UYmnMsn I**r u  r i  H ^ O M e  b)TBDMSO O H ^  y  OMe
56% ^ Y ^ O M e  Q 2
392 N , 5 8 %
393 391
Scheme 115: Synthesis o f Substrate 391
Exposure o f  391 to Rh2(OAc)4 in benzene resulted in ylide formation followed by 
a 2,3-sigmatropic rearrangement. Bicyclic ketal 390 was formed, although initially in a 
meager 8 % yield. The remaining components o f the reaction mixture consisted primarily 
of polymerized material. 103 Several sets o f conditions were explored for this 
transformation. Optimum conditions were identified in which very slow addition o f  the 
substrate to a refluxing suspension o f Rh2(OAc)4  in benzene was required. Despite these 
efforts, these “optimized” reaction conditions provided the desired 2,3-sigmatropic shift
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rearrangement product in a disappointing 36% yield (Scheme 116). Calter had reported 
the conversion o f several acetal substrates (in which only the ester functionality was 
varied) to the corresponding bicyclic ketals in yields which ranged from 27 to 72%. The 
substrate that bore the methyl ester 391 was reported by Calter to proceed in 72% yield, 
although our optimized yield o f 36% was more in line with all o f the other reactions 
reported in Calter’s study.
Successful formation of bicyclic ketal 390 allowed the opportunity to test the 
efficiency o f the Lewis acid-mediated spirolactonization on the mono-vinyl bicyclic 
ketals. Exposure o f bicyclic ketal 390 to catalytic TMS-OTf in methylene chloride did 
facilitate spirolactonization and provided a 1:1 mixture o f 389 and methoxy acetal 394. 
Production of acetal 394 resulted from either acid-promoted conjugate addition of 
methanol, which is a byproduct o f the spirolactonization rearrangement (Scheme 117), or 
by nucleophilic capture o f the oxocarbenium ion. Exposure o f the mixture o f compounds 
389 and 394 to triethylamine did not result in elimination o f methoxide and formation of 
the corresponding olefin compound 389. This result indicates that elimination is not a 
facile process in the absence o f the carbocationic intermediate.
Rh2(OAc)4




Scheme 116: Reactivity o f Substrate 391 with Rh2(OAc)4
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Scheme 117: Spirolactonization o f Bicyclic Ketal 390
In an effort to synthesize spirolactones without incorporation o f methanol, an 
aliphatic group was placed at the ketal carbon to provide substrate 398. Ketalization o f 
methyl acetoacetate 268 with c/s-2-butene-1,4-diol in the presence o f 
trimethylorthoformate and p-TsOH provided ketal 395 in 6 6 % yield. Saponification 
provided the carboxylic acid 396 and was followed by exposure to Masamune-Brooks 
conditions. The p-keto ester 397 was generated in 62% yield. Incorporation o f the diazo 
functionality was facilitated by treatment with p-carboxybenzenesulfonylazide in the 
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Scheme 118: Synthesis o f Substrate 398
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Exposure o f substrate 398 to Rh2(OAc) 4 resulted in oxonium ylide formation, 
which underwent 2,3-sigmatropic rearrangement to produce the bicyclic ketal 399 in 40% 
yield. Conversion o f the bicyclic ketal to the corresponding spirolactone was facilitated 
by treatment with catalytic TMS-triflate in methylene chloride. The spirolactone product 
400 was formed in 82% yield (Scheme 119). Incorporation o f MeOH into the 
spirolactone 400 was not observed in this reaction.
r \  o  RMOAC), y ~ \  cat. TMS-OTf Q
° x ° A A  — 2 ^  M'O.c^ oA-ch, rH r. -  VH j C ^ y o M e  benzene J  °  CH2C12 ^
N- 40%
398 399
Scheme 119: Spirolactonization o f  Bicyclic Ketal 399
The rearrangement o f bicyclic ketals to spirolactones was not limited to the TMS- 
OTf catalyzed reaction. Conversion of a bicyclic ketal to the corresponding spirolactone 
was also found to occur upon Pd(0)-mediated removal o f an allyl ester (Scheme 120). 
Exposure o f 3S4 to a mixture o f (Ph3P)4Pd and morpholine resulted in the anticipated 









Scheme 120: Spirolactonization/Decarboxylation Via Allylic Ester Deprotection
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carboxyl ic acid underwent skeletal rearrangement and decarboxylation to provide 
spirolactone 401. We propose that formation o f the spirolactone occurs prior to 
decarboxylation. The resulting spirolactone would provide the necessary stability for the 
carbanion resulting from decarboxylation (Scheme 121). However, numerous 












Scheme 121: Proposed Pd(0)-Mediated Rearrangement to Spirolactone 401
The discovery o f this Pd(0)-mediated rearrangement prompted an investigation 
into the details o f this transformation. In an effort to determine if the individual reagents 
had an effect on bicyclic ketal 354, exposure o f  354 to (PhjP^Pd in THF and to 
morpholine in THF were investigated. The individual reagents appeared to have no
133
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Scheme 122: Control Studies o f  Bicyclic Ketal 354
Following the determination that neither (Ph3P)4Pd nor morpholine were by 
themselves capable o f  promoting spirolactone formation, a rearrangement mediated by 
the carboxylic acid was considered. In order to test this hypothesis, bicyclic ketal 354 
was stirred in the presence o f benzoic acid in THF (Scheme 122). The solution was 
concentrated in vacuo and a lH NMR spectrum of the crude reaction mixture was taken. 
Inspection o f  the reaction mixture indicated that spirolactonization had not occurred 
under these conditions.
Since the components generated from the Pd-mediated allyl deprotection consist 
o f a proton source (CO2H) and a base (morpholine), it was proposed that the ammonium 
salt was capable o f facilitating this rearrangement. This hypothesis was probed through a 
model system which closely resembled the components generated in the Pd(0)-catalyzed
134
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deprotection. A mixture o f  bicyclic ketal 354, benzoic acid and triethylamine were 
stirred in THF. Inspection o f the ‘H NMR o f the crude reaction mixture showed 







Scheme 123: Spirolactonization Performed in Buffered System
Conclusions:
We have demonstrated that bicyclic ketals can be rapidly and efficiently 
converted to spirolactones under both Lewis acid and Bronsted acid/base conditions. 
Application o f this rearrangement to the synthesis o f an interesting family o f  natural 
products known as the hyperolactones appears possible. Although the synthesis o f any 
member o f this natural product family was not achieved in this study, several analogues 
o f this family o f compounds were obtained.
C. Introduction to BU-2313:
The formation and rearrangement o f ketal-derived oxonium ylides have been a 
central focus o f our research group. The studies o f a-diazo ketone substrates reported 
earlier in this document, along with studies o f a-diazo-p-keto ester substrates by Brogan, 
have demonstrated that appropriate substituted ketal-derived oxonium ylides can be used 
to prepare heavily functionalized bicyclic ketals. The efficiency with which these bicylic 
ketals can be constructed presents the oxonium ylide approach as an attractive option 
when contemplating the synthesis o f natural products that possess this ketal functionality.
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Zaragozic acid 405,104 azaspiracid 406,105 streptolic acid 407,106 tirandamycin 408,'07 and 
Bu-2313 409108 are natural products that possess a bicyclic ketal as a key component o f 
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Figure 19: Bicyclic Ketal Containing Natural Products
Our group has reported previously an application o f the oxonium ylide 
methodology to the synthesis o f  the zaragozic acid core through the intermediacy o f 
oxonium ylide 411, which underwent by a 1,2-exocyclic shift to give 412 (Scheme 
124).109 In an effort to further demonstrate the utility o f  the oxonium ylide 
rearrangements, an approach to the core o f  Bu-2313 was considered (Figure 20).
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Scheme 124: Brogan and Zercher’s Approach to the Zaragozic Acid Core
Bu-2313 possesses a tricyclic ketal at the core o f molecule, which stands in contrast to 
the 2,9-dioxa[3.2.1]bicyclononane ketal core o f the zaragozic acid family. The presence 
o f this additional ring challenges the ability o f  the ketal-derived oxonium ylide 
intermediates to provide unprecedented access to the tricyclic ketal structure.
Bu-2313, tirandamycin, and streptolic acid are members o f the acyltetramic acid 
family o f antibiotics. These antibiotic compounds have received significant attention 
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complexity. Both streptolic acid and tyrandamycin have been shown to inhibit RNA 
polymerase110 and oxidative phosphorylation. 111 Although the mode o f  action for Bu- 
2313 is unknown, it is presumed to be similar to that o f streptolic acid and tyrandamycin.
1. Ireland and W urdle’s approach to Bu-2313
The total synthesis o f both tirandamycin112 and streptolic acid 113 have been 
reported; however, a total synthesis o f Bu-2313 has not appeared in the literature. An 
approach to the core o f Bu-2313 was reported by Ireland and coworkers in 1987.114 Their 
approach to the core o f this complex molecule involved a lengthy sequence in which 
several challenging obstacles were circumvented. A convergent synthesis o f compound 
419 was achieved starting from methyl (/?)-3-hydroxybutyrate 413. The Wittig reagent 
416 was successfully prepared in 4 steps, although a mix o f diastereomers were formed 
due to the base-induced epimerization of the a-position. Aldehyde 418 was synthesized 
from benzyl protected triol 417 in 6  steps (Scheme 125). Coupling o f  the two 
components through a Wittig reaction proceeded inefficiently to produce the desired 
synthetic intermediate 419 in an optimized 42% yield.
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Scheme 125: Synthesis o f enone 419
Closure to the furan 420 proceeded efficiently in 81% yield with good 
diastereoselectivity. Furan 420 was converted to the tricyclic precursor 421 in nine steps. 
Deprotection and conversion o f 421 to the core 422 o f Bu-2313 was accomplished in 
36% yield by treatment with 10% HC1/THF for 24 hours (Scheme 126). Following 
formation o f the ketal, extensive 'H NMR investigation o f the constructed core indicated 
that the functionalized core possessed the identical stereochemistry of the natural product.
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The overall synthetic sequence required over 18 linear steps from a non-commercially 
available starting material. This impressive effort by Ireland and Wardel, nevertheless, 
lacked key substituents and fell short o f the goal o f preparing Bu-2313. We believed that 
an oxonium ylide-mediated approach to the tricyclic core could be competitive with the 
lengthy sequence described by Ireland.
O OTBDMS
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Scheme 126: Ireland and Wardle’s Synthesis o f  the Core o f Bu-2313.
D. Results and Discussion
1. Synthesis o f Tricyclic Ketals Through the Utility o f an Oxonium Ylide
Interm ediate:
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The oxonium ylide methodology developed in our research group has been used 
for the preparation o f a variety o f bicyclic ketals. At the core o f the natural product Bu- 
2313, however, is a tricyclic ketal. No tricyclic ketals had yet been prepared through 
application o f oxonium ylide chemistry, so our initial investigations were designed to test 
the ability o f  oxonium ylides to generate tricyclic systems. Specifically, oxonium ylide- 
mediated rearrangement o f substrates possessing a carbocyclic ring were investigated as a 
model to produce the tricyclic structure (Scheme 127). Although the model system did 
not possess the ethereal oxygen on the five-membered ring, we felt that rapid assembly of 
the model tricyclic skeleton would be informative with respect to future application o f 
oxonium ylide rearrangements to an appropriately substituted Bu-2313 core. The ketal
R'°2Cyjto
c a t .  f  V. n 2
-  ■ ■
o o 
424
Scheme 127: Proposed Formation of a Tricyclic Ketal System
chosen for initial study contained two olefinic functionalities at the 4 and 5 positions of 
the dioxolane. The substrate was prepared from cyclopentanone in the following fashion. 
The TMS enol ether o f cyclopentanone 426 was subjected to ethyl diazoacetate
141
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Scheme 128: Synthesis o f Cyclopentanone-Derived Substrates
in the presence o f Cu(acac) 2 according to the procedure o f Reissig. 115 Opening o f the 
intermediate cyclopropane produced y-keto ester 427 in an efficiently yield. Formation 
o f the desired ketal with a mixture o f  meso and d/l isomers o f 1,5-hexadiene-3,4-diol 311 
was successful; however, a complex mixture o f  four diastereomers was produced, which 
made this approach unattractive. Separation and identification o f these isomers proved to 
be difficult, and as a result, this approach was not considered a viable option and 
abandoned.
In an effort to circumvent this problem o f  diastereomer formation, an approach 
that utilized c/s-2-butene-l,4-diol for the formation o f the ketal was investigated. One 
distinct advantage o f this diol is that no additional stereoisomers are generated as a result 
o f the ketalization o f  the substituted cyclopentanone. Calter investigated the reactivity o f
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oxonium ylides generated from this ketal when the ylides were generated in a five- 
membered ring (Scheme 111); however, rearrangements o f these ketal-derived oxonium 
ylides, as part o f  six-membered rings had not been investigated. A simple model system 
was constructed in order to probe the ability o f  a six-membered ring oxonium ylide to 
undergo the desired 2,3-sigmatropic rearrangement. Synthesis o f  the model substrate 
proceeded through ketalization o f methyl levulinate 304 using bis-TMS protected cis-2- 
butene-l,4-diol in the presence o f catalytic TMS-OTf. The desired ketal 433 was 
produced in 77% yield. Saponification provided the carboxylic acid 434 and was 
followed by efficient formation (83%) o f  the desired (3-keto ester 435 using the 
Masamune-Brooks procedure. Diazo transfer was facilitated by treatment with p- 
carboxybenzenesulfonylazide in the presence o f  triethylamine to afford the desired a -  
diazo-P-keto ester substrate 436 in 99% yield (Scheme 129).
143
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
t m s o v / = \ ^ o t m s  / = \  
0  (  1




X ^ ^ S02N3
< n  a>CD1 C J
h)cX ^ Y oh b) Bu,Mg Et3N, CH3CN
8 8 %  H c f ^ ^ O M e
434
0 ^ 0  " 2
;x V y<h 3c ‘ '  "  '  "OMeo o
99%
436
Scheme 129: Synthesis o f Substrate 436
Diazo decomposition o f substrate 436 was facilitated using both Cu(hfacac) 2 and 
Rh2(OAc)4 . An interesting catalyst effect was observed in the 2,3-sigmatropic shift 
rearrangement o f ylide intermediate 437. Ylide formation initiated by treatment with 
Cu(hfacac) 2 resulted in an efficient 2,3-sigmatropic shift rearrangement to provide the 
anticipated bicyclic ketal 438 in 56% yield. The Rh2(OAc)4  mediated rearrangement, 
however, resulted in a very complex reaction mixture with the absence of any 2 ,3 - 
sigmatropic rearrangement product (Scheme 130). This result was surprising since 
Calter’s report o f this rearrangement with five-membered ring ylides described the
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Scheme 130: Reactivity o f Substrate 436
opposite trend. Calter indicated that the five-membered ring ylide did not undergo a 2,3- 
sigmatropic rearrangement when diazo decomposition was facilitated with Cu(hfacac)2; 
however, diazo decomposition by Rh2(OAc) 4 provided the desired 2,3-sigmatropic shift 
product efficiently. 102
The product generated from the 2,3-sigmatropic rearrangement o f ylide 437 was 
gratifying and encouraged us to test the application of this rearrangement on the synthesis 
o f the model tricyclic ketal systems through the use o f substrate 439. It is important to 
note that formation o f ylides generated from 439 is complicated by the presence o f 
diastereotopic ketal oxygens. The possibility exists for ylide formation and 
rearrangement involving either o f the two diastereotopic oxygens. Selectivity in the ylide 
formation is crucial to this transformation since, assuming 2,3-sigmatropic rearrangement 
o f the ylide, diastereomeric products would result from rearrangement o f the 
diastereomeric ylides (Figure 21). The stereoselectivity o f the Bu-2313 core is matched 
by compound 442, so stereoselectivity in ylide formation is imperative.
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Figure 21: Oxygen Selectivity in Substrate 439
Synthesis o f the desired substrate 431 was initiated by ketalization o f the 
cyclopentanone 427 with bis-TMS protected cis-2-butene-l,4-diol and catalytic TMS- 
OTf. The ketal 444 was generated in 64% yield. Saponification o f the ester provided 
efficient access to the carboxyiic acid and was followed by formation of the desired (3- 
keto ester 446 in 70% yield using Masamune-Brooks conditions. Diazo transfer, which 
resulted in formation of the desired a-diazo-(3-keto ester 439, was facilitated using p- 
carboxybenzenesulfonylazide in the presence o f triethylamine in 97% yield (Scheme
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131).
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Scheme 131: Synthesis o f Substrate 439
The reaction o f substrate 439 with Rh2(OAc)4 and Cu(hfacac)2 were similar to 
these observed in the acyclic system (Scheme 130). Diazo decomposition o f substrate 
439 upon treatment with RJi2(OAc)4 did not provide the desired ylide-mediated 2,3- 
sigmatropic rearrangement product. In fact, no identifiable products were isolated from 
this reaction. Reaction o f substrate 439 with Cu(hfacac)2, however, did result in ylide 
formation 447 followed by a 2,3-sigmatropic rearrangement. The tricyclic ketal 448 was 
generated in 51% yield as a single diastereomer (Scheme 132). No evidence o f a second 
stereoisomer was observed. The stereochemistry of tricyclic ketal 448 was determined 
using 2D COSY and NOESY experiments. Correlations in the NOESY spectrum were
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observed between the bridgehead methine and one proton o f the methylene at C5, which 
provided the stereochemical assignment o f the bridgehead methine. Confirmation of the 
relative stereochemistry at the ring fusion provides evidence for diastereoselective ylide 
formation involving a single ketal oxygen (Scheme 132). In addition to formation of 
tricyclic ketal 448, a second tricyclic product 449 that resulted from a 1,2-endocyclic 
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Scheme 132: Reactivity o f Substrate 439 with Cu(hfacac)2
In an effort to drive ylide reactivity toward the 2,3-sigmatropic rearrangement, a 
similar substrate bearing a /-butyl ester was synthesized. Based on very simple hand-held 
models, incorporation o f the /er/-butyl ester was anticipated to increase the steric 
interaction taking place during the 1,2-endocyclic shift. As a result, decreased production 
o f 1,2-endocyclic shift product 449 was predicted. Synthesis o f substrate 451 was carried 
out in the same manner as was used for methyl ester substrate 439; however, conversion
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of carboxylic acid 445 into the P-keto ester 450 was carried out with mono-f-butyl 
maionate. The desired /er/-butyl P-keto ester 450 was generated in 75% yield. Efficient 
conversion to the a-diazo-P-keto ester 451 was again facilitated using p- 
carboxybenzenesulfonylazide in the presence o f  triethylamine (Scheme 133).
Exposure o f substrate 451 to Cu(hfacac)i resulted in ylide formation, which was 
followed by a 2,3-sigmatropic rearrangement to afford tricyclic ketal 453 in 52% yield. 
Unfortunately, the presence o f the /er/-butyl ester did not diminish the production o f the
1,2-endocyclic shift product 454. The ratio and yield of the two rearrangement products 
453 and 454 remained the same as was observed with the methyl ester products 448 and 
449 (Scheme 132). The stereochemical assignment of the bridgehead methine in 453 
was confirmed through 2D COSY and NOESY experiments. One distinct advantage o f 








Scheme 133: Synthesis of Substrate 451
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reaction. Chromatographic separation o f the two methyl ester products 448 and 449 
(Scheme 132) was quite challenging, but the analogous products possessing the fer/-butyl 
ester separated efficiently on silica.
Although significant quantities o f 1,2-endocyclic shift product 454 were formed 
by rearrangement o f the ylide, 2,3-sigmatropic rearrangement was the major reaction 
pathway and provided the tricyclic ketal 453 in acceptable yields. This study has nicely 
demonstrated, for the first time, the ability to prepare tricyclic ketals through a ketal- 
derived oxonium ylide intermediate.
2. Attempted incorporation of the tetrahydrofuran ring
The successful construction o f a tricyclic ketal through rearrangement o f an 
intermediate oxonium ylide was unprecedented, yet the product tricycle contained a fused 










Scheme 134: Reactivity o f  Substrate 451
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possessed the fused tetrahydrofuran ring was necessary. An appropriate model system 
for the construction o f this natural product core was desired and would need to include 
the ethereal oxygen. Several questions regarding ylide selectivity and competitive 
rearrangement pathways needed to be addressed. As shown in Scheme 135, ylide 
formation could occur at three oxygens, each o f  which could be converted to several 
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Scheme 135: Possible Reactive Pathways o f Substrate 455
membered ring heterocycle would result in formation of a five-membered ring ylide 456, 
which would be anticipated to undergo a ^-elimination reaction and provide compound 
457. Generation o f  an ylide through attack o f either diastereotopic ketal oxygen would 
provide diastereomeric, six-membered ring ylides. These ylides would be poised to 
undergo a 2,3-sigmatropic rearrangement to provide two possible isomers o f tricyclic
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ketal 459. Stereoselectivity in the ylide-mediated reaction o f the carbocycle 451 was 
observed. This provided encouragement for the possibility o f diastereoselectivity in the 
reaction o f460.
In order to synthesize substrate 460, several approaches were investigated; 
however, only two will be described in this report. Our initial strategy involved a 
proposed Lewis acid-mediated coupling reaction o f acetal 462 with TBDMS enol ether
463. Selective ketal formation was anticipated to provide the target substrate 460 
(Scheme 135).
/  \  KI O N ,  O TBDMSO O
w y -  —  6 Y t “  —  •  - Y ‘
460 461 462 463
Scheme 135: Retrosynthetic Analysis o f Substrate 460
Epoxidation of 2,3-dihydrofuran 464 with w-CPBA in the presence of EtOH gave 
compound 465 in 75% yield. Oxidation of the alcohol with pyridinium chlorochromate 
(PCC) provided ketone 462 in 77% yield (Scheme 136). Unfortunately, Lewis acid- 
mediated coupling o f 462 and 464 did not provide the desired precursor 465. Instead, 
reaction o f462 with enol ether 463 in the presence o f BF3-Et,0 , resulted in carbonyl 
addition and formation o f 466 (Scheme 136).
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Scheme 136: Attempted Coupling Reaction o f Ketone 462 and Enol Ether 463
We attempted to circumvent the undesired aldol reaction by a similar Lewis acid- 
mediated coupling reaction between the TBDMS-protected alcohol 467 and enol ether
464. Two Lewis acids, BF3-OEt2 and TiCL, were studied in this reaction.
Unfortunately, complexation of both Lewis acids occurred at the heterocyclic oxygen, 
which resulted in ring-opening of the furan. Addition o f the enol ether resulted in the 
formation o f 468 as a mixture of diastereomers (Scheme 137).
n2
464
Scheme 137: Reaction o f TBDMS Protected Alcohol 467 with Enol Ether 464
OEt a) BF3-OEt2 or TiCl4 
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Since the Lewis acid-mediated coupling o f  these and other furan acetals did not 
proceed in the desired manner, our attention turned to a different approach in which a 
radical cyclization method116 was used to form the desired heterocycle. Synthesis o f 
substrate 478 began with formation o f enol ether 472 through conjugate addition o f l- 
butyne-4-ol 470 to methyl propynoate 469. The enyne 472 was produced in an efficient 
94% yield. Radical cyclization o f472 generated the five-membered heterocycle in 85% 
yield through the influence o f BujSnH and 2,2’-azo-Z»/j-isobutyronitrile (AIBN). 
Cleavage o f the olefin without prior removal o f  BujSn was easily performed by OsC>4 and 
NaI0 4  in 77% yield. Ketalization o f 474 with bis-TMS protected c/s-2-butene-1,4-diol 
380 in the presence o f catalytic TMS-OTf in DME proceeded in 72% yield to give 475. 
Saponification o f 475 occurred easily to give carboxylic acid 476. No evidence o f ring 
opening through elimination of the P-heteroatom was observed. Exposure o f carboxylic 
acid 476 to Masamune-Brooks conditions afforded the desired p-keto ester 477 in 84% 
yield. Diazo transfer was facilitated in 97% yield using p-carboxybenzenesulfonylazide 
478 in the presence o f triethylamine.
154
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Scheme 139: Synthesis o f Substrate 478
Exposure o f 478 to either Cu(hfacac) 2 or Rh2(OAc)4  in benzene or CH2C12 
resulted in diazo decomposition; however, oxonium ylide formation followed by the 
desired 2,3-sigmatropic rearrangement did not occur. A very complex reaction mixture 
resulted. Mass spectrometric analysis o f isolated fractions showed the presence o f high 
molecular weight materials which indicated intermolecular reaction o f the substrate 
(Scheme 140).
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Scheme 140: Reaction o f  Substrate 478 with Cu(hfacac) 2
It is unclear how the ethereal oxygen in the heterocycle affected ylide formation 
and subsequent rearrangement. The carbocyclic substrates, as described previously 
(Scheme 134), rearranged in the desired manner; however, incorporation o f the oxygen 
into the five-membered ring had a profound deleterious effect on the progress of the 
reaction. It is possible that the electron withdrawing effects o f  this heteroatom decrease 
the nucleophilicity of the ketal oxygens, and as a result, ylide formation does not occur.
Since a direct, ylide-mediated preparation o f the tricyclic ketal that contained the 
fused tetrahydrofiiran ring appeared unlikely, our attention turned to an alternate 
disconnection strategy. In this approach synthesis o f a bicyclic ketal was designed to 
precede formation of the tetrahydrofiiran ring. Conjugate addition o f the alcohol was 





Figure 22: Formation o f  the Fused Tetrahydrofiiran Ring
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The substrate 482 needed to produce bicyiic ketal 481 was thought to be 
accessible from the seven-membered ring lactone 483 (Figure 23). Opening o f the 
lactone with an ester enolate was anticipated to provide rapid access to substrate 482.
RX x V r ° ‘ —  0o o o - ^
4 8 2  483°
Figure 23: Approach to Substrate 482
The preparation o f lactone 483 began with acid-catalyzed ketalization o f 1,4- 
cyclohexanedione 484 with /ra/»i-2,3-dibromo-1,4-butanediol 485. Ketal 486 was 
generated in 59% yield. The purpose o f the dibromide functionality was to mask the 
olefin needed for the oxonium ylide rearrangement during the Baeyer-Villager reaction. 
The dibromo species was anticipated to be easily converted to the desired olefin later in 
the synthesis. Baeyer-Villager oxidation o f the ketone provided the desired seven- 
membered ring lactone 487 in 92% yield. Reduction o f the dibromide proceeded 
efficiently in the presence o f  a suspension o f zinc metal in refluxing THF and provided 
483 in 96% yield. Opening o f the lactone with the lithium enolate o f either ethyl acetate 
or ethyl diazoacetate was not successful and did not result in generation o f the P-keto 
ester. In almost all cases starting lactone 483 was recovered from the reaction (Scheme 
141). It is unclear why the desired ring-opening o f lactone 483 did not occur.
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Scheme 141: Attempted Ring-Opening o f  Lactone 483
Further attempts to facilitate ring-opening o f lactone 483 and generate a P-keto 
ester utilized a Reformatsky reagent. Since the Reformatsky reagent is formed in situ 
with refluxing zinc metal, it was thought that reduction o f the dibromide could be 
performed in the same pot as zinc enolate formation. Reaction o f lactone 487 in the 
presence o f zinc metal and either /-butyl bromoacetate or ethyl bromoacetate 488 did, in 
fact, result in reduction o f the dibromide and formation o f the corresponding olefin. 
Opening o f the lactone with the zinc ester enolate produced P-keto esters 489 and 490 in 
71 and 76% yield, respectively. Reaction o f 491 and 492 with TBDMSCI in the presence 
o f imidazole in THF provided the desired protected alcohols in 83% and 86% yield, 
respectively. Again, diazo transfer was facilitated with p-carboxybenzenesulfonylazide 
in the presence o f triethylamine and afforded the diazo substrates 493 and 494 in 94% 
and 96% yield (Scheme 142).
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Scheme 143: Synthesis o f Substrates 493 and 494
Exposure o f substrates 493 and 494 to a refluxing solution o f Cu(hfacac)2 in 
benzene resulted in ylide formation, which was followed by both a 2,3-sigmatropic shift 
rearrangement (495 and 496) and a 1,2-endocyclic shift (497 and 498) (Scheme 144). 
Again, the yields and ratios o f  the two products were consistent regardless o f  whether the 
ethyl or /-butyl ester was present on the substrate. The product mixture derived from the
r o
TBDMSO
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494, R =/-Bu
R°-T^0V \ / ^ 0TBDMS +
495, R = Et




497, R = Et
498, R = /-Bu
Scheme 144: Reactivity o f Substrates 493 and 494
substrate bearing the /-butyl ester was, once again, more easily purified than the product 
mixture generated from the reaction o f the ethyl ester substrate. The ratios o f the two
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products formed from diazo decomposition o f substrates 493 and 494 were formed in an 
approximate 1:1 ratio in a total yield o f  80%. Analysis o f the 2D COSY spectrum o f  498 
showed homonuclear correlations between the C3 methylene and C4 methine as typically 
seen with the bicyclic ketals. The 2D NOESY spectrum showed correlations between the 





Figure 23: 2D NOESY Analysis o f 498
Attempts to incorporate the a,|3-unsaturated olefin on the bicyclic ketal 498 
through the intermediacy o f a silyl enol ether were unsuccessful (Scheme 144). Attempts 
to deprotonate 498 and form enol ether 499 using KHMDS, LDA, DBU, and sodium 
hydride followed with capture o f  the enolate with TMSC1 were all ineffective. Although 









Scheme 145: Attempts to form Silyl Enol Ether 499
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formation o f the appropriate enol ether was not possible in this case. As a result, closure 
o f the tethered alcohol and formation o f  the fused tetrahydrofiiran has not been attempted. 
Further work in this area may require exchange o f  the f-butyl ester functionality in order 
to facilitate the necessary chemistry. Simple computational modeling o f bicyclic ketal 
498 indicates a large steric interaction between the TMS group and the carboxylate ester 
occurs upon formation of the desired TMS-enoI ether 499. In addition, complete removal 
o f the ester functionality at C3, which would more closely resemble the core o f Bu-2313, 
may also provide a system that could more readily undergo formation of the TMS-enoI 
ether and subsequent formation o f  the ot,(i-unsaturated olefin.
A total synthesis of Bu-2313 through the utility o f  the oxonium ylide 
methodology developed in our research group is certainly in the very distant future. Our 
approaches to the basic core o f this system would surely require significant research 
efforts in order to incorporate the additional functionality into this system to achieve the 
full core o f the molecule. Closure o f  the tetrahydrofiiran ring is certainly possible with 
additional research into the incorporation o f the oc,f}-unsaturated system. The synthesis o f  
the acyltetramic acid tether has been reported; therefore, incorporation o f this group 
would not require intense research efforts. We feel that the methodology developed in 
this system could certainly be applied to the total synthesis o f  Bu-2313.
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Unless otherwise noted, all reactions were run in oven-dried glassware and stirred 
with teflon-coated magnetic stir-bars. The terms concentrated in vacuo or under reduced 
pressure refer to the use o f a rotary-evaporator or vacuum pump.
Solvents
Tetrahydrofiiran (THF) and diethyl ether were distilled from purple benzophenone ketyl 
prior to use. Benzene was distilled from calcium hydride prior to use. Methylene 
chloride (CHiCU) was distilled from P2O5 prior to use. Ethyl acetate (EtOAc) was 
purchased from Pharmco and distilled prior to use. Hexanes were purchased from 
Pharmco and distilled prior to use. Pyridine was distilled from calcium hydride and 
stored over potassium hydroxide. Triethylamine (Et3N) was distilled from and stored 
over potassium hydroxide. Methanol (CH3OH) was distilled from sodium methoxide and 
stored over 4 A sieves. Toluene was purchased from various commercial sources and 
used without purification. Benzene was distilled from calcium hydride prior to use.
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Reagents:
Diethylzinc was purchased both as a solution (1.0 M in hexanes) and neat. Methylene 
iodide (CH2 I2) was purchased from Lancaster chemical companies. Non-oxidized copper 
wire was added as a stabilizer. Iodine was sublimed prior to use. Methyl levulinate119 
and monomethyl malonate120 were prepared according to reported procedures. Mono-/- 
butyl malonate was prepared by reaction o f /-butanol with Meldrum’s acid in refluxing 
toluene. Methyl 2-Diazo-3-oxo-butyroate and /er/-butyl-2-Diazo-3-oxo-butyroate were 
prepared from commercially available methyl acetoacetate and /er/-butyl acetoacetate by 
diazo transfer with p-carboxybenzenesulfonazide in the presence o f triethylamine. p- 
Carboxybenzenesulfonazide is commercially available, however, the material was 
prepared by a literature procedure. 121 Caution: Although p-carboxybenzenesulfonazide 
has been reported to be far safer than tosyl azide, which has been reported to decompose 
with considerable violence, the prudent investigator should use caution whenever 
handling any azides. Many o f the azides are impact and thermally sensitive, and since 
their decomposition involves the sudden loss o f nitrogen gas, explosions o f azides can be 
devastating. Diazo compounds are also explosion hazards; contact with metals or rough 
surfaces such as ground-glass joints should be avoided. Zinc metal was activated prior to 
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Rhodium acetate (Rh2(OAc)4) was purchased from Aldrich Chemical Co. and used 
without purification.
Copper (II) bis-acetylacetonate (Cu(acac)2 ) was purchased from Lancaster Chemical Co. 
and used without purification.
Copper (II) bis-hexafluoroacetylacetonate (Cu(hfacac)2) was obtained from Aldrich 
Chemical Co. as the dihydrate. For anhydrous reaction conditions, this catalyst was dried 
over H2SO4  in a vacuum desiccator (0.5 torr) for 3 days . 124
Bis(tricyclohexylphosphine)benzylidine ruthenium (IV) dichloride (Grubb’s catalyst) was 
purchased from Strem Chemical Co. and used without further purification.
C hrom atography:
Column chromatography was performed with Sorbent Technologies flash silica gel (32- 
63 pm). Mobile phases were used as noted.
Thin Layer Chromatography (TLC) was carried out on EM Science F254 glass plates and 
visualized by UV and anisaldehyde or KMn04 stains.
Chiral HPLC analysis was performed with a Daicel Chiralpak® AD-RH reverse phase 
column.
Spectroscopy:
Nuclear Magnetic Resonance (NMR) spectroscopy was performed on Broker EM-360A 
operating at 360.130 MHz for ’H nuclei and 90.55 MHz for 13C nuclei, Varian Mercury 
operating at 399.768 MHz for 'H nuclei and 100.522 MHz for l3C nuclei, and Varian 
Inova operating at 499.766 MHz for 'H nuclei and 125.679 MHz for l3C nuclei. All l3C 
are 'H-decoupled. Unless otherwise noted, all NMR experiments were carried out in
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deuterochloroform (CDCI3) solvent purchased from Cambridge Isotope Laboratory and 
stored over 4 A sieves. All chemical shifts are reported in parts per million (ppm) 
downfield o f  tetramethylsilane (TMS) internal standard. Unless otherwise indicated, 
DEPT spectra are DEPT-135.
Infrared spectroscopy was performed on a Nicolet 205 Fourier Transform spectrometer. 
Low Resolution Mass Spectroscopy was performed by the University o f New Hampshire 
Instrumentation Center on a Hewlett-Packard model 5988A GC/MS quadropolar 
spectrometer equipped with a 25-meter methyl silicone (OV-1) capillary column. High 
Resolution Mass Spectroscopy was performed at Merck Pharmaceutical Co.
Optical rotations were conducted using a Rudolf Research Autopol III automatic 
polarimeter in specified solution and concentrations are given in g/mL.
Melting points were determined using a Thomas Hoover melting point apparatus and are 
uncorrected.
B. Preparation of acyclic a,P-unsaturated-y-carbonyl systems 
Methyl £'-5,5-dimethyl-4-oxo-hex-2-enoate (8 6 )IZS
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an
o
atmosphere o f  N 2 at 0 C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Methyl pivaloylacetate (85) (0.16 
mL, 1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes.
165
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution o f sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. The residue was 
chromatographed on silica (15:1, hexanes/ethyl acetate; R /=  0.23) to yield 8 6  (147 mg, 
8 6 %) as a yellow oil. 'H NMR (400 MHz, CDC13) 8  7.50 (d, 1H, J = 15.6 Hz), 6.75 (d, 
1H ,J = 15.6 Hz), 3.79 (s, 3H), 1.74 (s, 9H); l3C NMR (100 MHz, CDC13) 8  203.8, 166.3,
135.8, 131.1,52.4,43.8, 25.9.
Dimethylethyl £’-4-oxo-pent-2-enoate (92)126
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere o f N3 at 0 C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. rert-Butyl acetoacetate (91) (0.17 
mL, 1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes. 
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution o f sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium
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chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (20:1, hexanes/EtOAc; R/= 0.20) yielded 92 (124 mg, 73%) as a yellow oil. ‘H 
NMR (400 MHz, CDC13) 5 6.92 (d, 1H, J = 16.4 Hz), 6.58 (d, 1H, J  = 16.4 Hz), 2.35 (s, 
3H), 1.51 (s, 9H); l3C NMR (100 MHz, CDC13) 5 198.2, 164.9, 139.4, 133.9, 82.3, 28.2,
28.1.
Methyl £-4-oxo-pent-2-enoate (96)127
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere of N2 at 0 °C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Methyl acetoacetate (95) (0 . 1 1  
mL, 1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes. 
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution o f sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (10:1, hexanes/EtOAc; R /= 0.25) yielded 96 ( 8 6  mg, 67%) as a white solid, m.p. = 
58.5 -  60 °C (lit m.p . 128 = 5 9 -6 0  °C); 'H  NMR (400 MHz, CDC13) 8  7.03, (d, 1H, J  =
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16.4 Hz), 6.66 (d, 1H,7= 16.4 Hz), 3.83 (s, 3H), 2.37 (s, 3H); 13C NMR (100 MHz,
CDC13) 5 197.7, 166.1, 140.3,131.3,52.6,28.4.
Ethyl £-4-oxo-pent-2-enoate (90)129
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere o f  N2 at 0 °C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Ethyl acetoacetate (89) (0.13 mL,
1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes.
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution of sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (10:1, hexanes/EtOAc; R /= 0.25) yielded 90 (100 mg, 70 %) as a yellow oil. 'H 
NMR (500 MHz, C D C I3) 57.04 (d, 1H ,7=  16.0 Hz), 6.65 (d, 1H ,J=  16.0 Hz), 4.28 (q, 
2H, J=  7.0 Hz), 2.36 (s, 3H), 1.33 (t, 3H, J  = 7.0 Hz); ,3C NMR (125 MHz, CDCI3) 5
197.9, 185.7, 140.2, 131.8,61.7,28.3, 14.3.
Phenylmethyl £-4-oxo-pent-2-enoate (94)126
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A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere o f Ni at 0 °C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Benzyl acetoacetate (93) (0.17 
mL, 1.0 mmol) was added rapidly by syringe and allowed to stir at 0 C for 30 minutes. 
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution o f sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (15:1, hexanes/EtOAc; R/= 0.19) yielded 94 (148 mg, 73 %) as a yellow oil. 'H 
NMR (400 MHz, CDC13) 8  7.39-7.36 (m, 5H), 7.05 (d, 1H ,7= 16.0 Hz), 6.69 (d, 1H ,7 = 
16.4 Hz), 5.25 (s, 2H), 2.35 (s, 3H); l3C NMR (100 MHz, CDCI3) 8  197.7, 165.5, 140.6,
135.4, 131.4, 128.9, 128.8, 128.6, 67.4,28.3.
Ethyl £-4-oxo-4-phenyl-but-2-enoate (98)130
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere o f N2 at 0 C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Ethyl benzoylacetate (97) (0.17 
mL, 1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes.
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Iodine (1.27 g, S mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution o f sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added 
and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (15:1, hexanes/EtOAc; R/ = 0.21) yielded 98 (120 mg, 59 %) as a yellow oil. *H 
NMR (400 MHz, CDC13) 5 8.01-7.99 (m, 2H), 7.91 (d, 1H, J = 15.6 Hz), 7.62 (m, 1H), 
7.53-7.49 (m, 2H), 6.89 (d, 1 H ,J=  15.6 Hz), 4.30 (q, 2H,J =  7.2 Hz), 1.35 (t, 3H,J =  7.2 
Hz); 13C N M R(100 MHz, CDC13) 5 189.8, 165.8, 136.8, 136.6, 134.0, 132.8, 129.1,
129.0,61.6, 14.4.
Prop-2-enyl E-4-oxo-pent-2-enoate (101)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 5.0 mL, 5.0 mmol) under an 
atmosphere o f N2 at 0 C. Methylene iodide (0.42 mL, 5.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. Allyl acetoacetate (99) (0.14 mL,
1.0 mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes.
Iodine (1.27 g, 5 mmol) was added to the reaction mixture in a single portion and allowed 
to stir until a pink color persisted for 30 seconds. A saturated solution of sodium 
thiosulfate (10 mL) was added and the mixture was stirred until the pink color had 
disappeared. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 mmol) was added
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and the mixture was stirred for 1 minute, washed with saturated aqueous ammonium 
chloride and extracted three times with diethyl ether. The combined organic layers were 
dried with anhydrous sodium sulfate and concentrated in vacuo. Chromatography on 
silica (10:1, hexanes/EtOAc; R /=  0.23) yielded 101 (110 mg, 71 %) as a yellow oil. 'H  
NMR (500 MHz, CDC13) 8  7.05 (d, 1H,J =  16.1 Hz), 6.70 (d, 1H ,J=  16.1 Hz), 5.94 
(tdd, lH ,y =  5.9, 10.7,16.1 Hz), 5.39-5.28 (m, 2H), 4.71 (td, 2 H ,/=  1.5,5.9), 2.37 (s, 
3H); l3C NMR (125 MHz, CDCIj) 8  194.2, 161.8, 136.9, 128.1, 127.9, 115.7,62.7, 24.8.
N-Methyl-N-phenyl-ZM-oxo-pent-Z-enoamide (103)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 1.65 mL, 1.65 mmol) under an 
atmosphere o f N? at 0 C. Methylene iodide (0.14 mL, 1.71 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. (3-Keto amide 102 (97 mg, 0.55 
mmol) in CH2CI2 (1 mL) was added rapidly by syringe and allowed to stir at 0 °C for 30 
minutes. Iodine (431 mg, 1.71 mmol) was added to the reaction mixture in a single 
portion and allowed to stir until a pink color persisted for 30 seconds. A saturated 
solution of sodium thiosulfate (10 mL) was added and the mixture was stirred until the 
pink color had disappeared. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 mL, 10 
mmol) was added and the mixture was stirred for 1 minute, washed with saturated 
aqueous ammonium chloride and extracted three times with diethyl ether. The combined 
organic layers were dried with anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (3:1, hexanes/EtOAc; R/■= 0.20) yielded 103 (104 mg, 60 %) 
as a yellow oil. 'H NMR (500 MHz, CDCI3) 8  7.47-7.37 (m, 3H), 7.18-7.17 (m, 2H),
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7.07 (d, 1H,7 =  15.5 Hz), 6.64 (d, 1H, 7=15.5 Hz), 3.40 (s, 3H), 2.19 (s, 3H); l3C NMR
(125 MHz, CDCI3) 8 197.7,164.5,142.7,137.2, 131.9, 129.9, 128.2, 127.0,37.7,28.8.
Phenylmethyl £-4-(l-benzoyl-pyrrolidin-2-yl)-4-oxo-but-2-enoate (143)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 1.74 mL, 1.74 mmol) under an 
atmosphere o f  Ni at 0 C. Methylene iodide (0.14 mL, 1.80 mmol) was added and the 
resulting white suspension was stirred for 1 0  minutes. P-Keto ester 142 ( 1 0 2  mg, 0.29 
mmol) in CH2CI2 (1 mL) was added rapidly by syringe and allowed to stir at 0 °C for 30 
minutes. Iodine (458 mg, 1.80 mmol) was added to the reaction mixture in a single 
portion and allowed to stir until a pink color persisted for 30 seconds. A saturated 
solution o f  sodium thiosulfate (10 mL) was added and the mixture was stirred until the 
pink color had disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.43 mL, 2.9 
mmol) was added and the mixture was stirred for 1 minute, washed with saturated 
aqueous ammonium chloride and extracted three times with diethyl ether. The combined 
organic layers were dried with anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (2:1, hexanes/EtOAc; R/ = 0.21) yielded 143 (65 mg, 62 %) as 
a yellow oil. 'H  NMR (500 MHz, CDC13) 8  7.60-7.22 (m, 11H), 6.90 (d, 1H,7 = 16.1 
Hz), 5.24 (s, 2H), 4.96 (dd, 1H, 7 =  6.4, 8 . 8  Hz), 3.70-3.56 (m, 2H), 2.34-2.25 (m, 1H), 
2.05-1.88 (m, 3H); 13C NMR (125 MHz, CDCI3) 8  197.3, 169.8, 165.4, 137.3, 135.9,
135.5, 131.9, 130.6, 128.9, 128.7, 128.6, 128.5, 127.6, 67.4,64.5, 50.4,28.6, 25.7;
HRMS (El) [M+H]+ calcd for C22H2 IN0 4 364.1544, found 364.1546.
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Methyl 25-benzylamino-propionate (139)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 25 mL o f 
DMF and L-alanine methyl ester hydrochloride (1.20 g, 8 . 6  mmol). Potassium carbonate 
(2.74 g, 19.8 mmol) and benzyl bromide (1.0 mL, 8 . 6  mmol) were added and the 
resulting solution was allowed to stir at room temperature under a blanket o f  nitrogen for 
12 hours. The mixture was washed with water (50 mL) and brine (30 mL) and the 
resulting solution was extracted with hexanes (3 x 40 mL) and the combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (3:1, hexanes/EtOAc; R/ = 0.23) yielded 139 (928 mg, 56 %) 
as a thick viscous oil. 'H NMR (500 MHz, CDCI3) 8  7.33-7.25 (m, 5H), 3.3.80 (d, 1H, J  
= 13.5 Hz), 3.67 (d, 1 H ,J=  13.5 Hz), 3.73 (s, 3H), 1.83 (bs, lH ),3.40(q, 1H,7 = 6 .5  
Hz), 1.32 (d, 3 H ,J=  6.5 Hz); l3C NMR (125 MHz, CDCI3) 5 176.4, 140.0, 128.7, 128.5,
127.3,56.1,52.2, 52.0, 19.4.
Methyl 2£-(N-benzyl-N-benzyloxycarbonyl-amino)-propionate (145)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
ethyl acetate and benzyl protected L-alanine methyl ester 139 (402 mg, 2.08 mmol). To 
this solution was added benzyl chloroformate (0.33 mL, 2.29 mmol) and a saturated 
aqueous solution o f sodium bicarbonate (10 mL). The solution was allowed to stir at 
room temperature for 8  hours. The biphasic mixture was diluted with an addition portion 
o f ethyl acetate (10 mL) and the layers were separated. The aqueous layer was extracted 
again with ethyl acetate (3 x 1 0  mL) and the combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo to yield 145 (663 mg, 98%), which
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existed as a mixture o f rotomers. ‘H NMR (500 MHz, CDClj) 8  7.40-7.22 (m, 10H), 
5.25-5.11 (m, 2H), 4.69-4.20 (m, 3H), 3.74 (s, 1.5H), 3.64 (s, 1.5H), 1.42-1.30 (m, 3H); 
I3C NMR (125 MHz, CDC13) 5 172.6, 172.4, 156.6,138.5,138.1,136.6, 128.7,128.3,
128.0, 127.6, 127.3,67.8, 55.4, 52.4, 52.2,51.1,49.8,16.2,15.6.
Methyl 45-(N-benzyl-N-benzyloxycarbonyl-amino)-3-oxo-pentanoate (147)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 10 mL o f 
THF, water (5 mL), and methyl2 S-(N-benzyl-N-benzyloxycarbonylamino)-propionate 
145 (620 mg, 1.9 mmol). To this solution was added LiOH (183 mg, 7.6 mmol) and the 
mixture was allowed to stir for 12 hours. The solution was brought to pH = 3.0 with 1M 
HC1, then extracted with Et2 0  ( 5 x 1 0  mL). The combined organic extracts were dried 
carefully over anhydrous sodium sulfate and concentrated in vacuo to yield the 
carboxylic acid 146 (368 mg, 62%). The resulting solid was dissolved in THF (10 mL) 
and carbonyl diimidazole (231 mg, 1.42mmol) was added in small portions with stirring. 
In a separate flask, monomethyl malonate (702 mg, 5.9 mmol) was dissolved in THF (10 
mL), treated with Bu2Mg (1.0 M in heptane, 2.95 mL) at 0 °C and warmed to room 
temperature with stirring. The mixtures were combined, stirred for 24 hours and 
concentrated at reduced pressure. The residue was diluted with diethyl ether (50 mL) and 
washed with aqueous NH4CI (25 mL) and N aH C03 (25 mL). The layers were separated 
and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The combined 
organic layers were dried over anhydrous sodium sulfate and concentrated in vacuo. The 
residue was chromatographed on silica (2:1, hexanes/EtOAc; R/ = 0.20) yielded 147 (280 
mg, (64 % from carboxylic acid 146) as a viscous colorless oil, which existed as a
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mixture o f rotomers. 'H  NMR (500 MHz, CDCI3) 5 7.40-7.18 (m, 10H), 5.24-5.17 (m, 
2H), 4.68 (m, 1H), 4.36 (m, 1H), 4.20 (m, 0.60H), 3.95 (m, 0.40H), 3.68-3.56 (m, 3H), 
3.45-3.07 (m, 2H), 1.30-1.20 (m, 3H); I3C NMR (125 MHz, CDC13) 8  200.6, 168.0,
167.8,156.1,137.6, 137.5,136.3, 135.9, 129.0, 128.8, 128.6, 128.5,128.3, 128.2, 128.1,
128.0, 68.2, 68.1, 61.9, 61.7, 52.4, 52.0, 50.8,45.3,44.7, 14.0, 13.4.
Methyl £-5-(N-benzyl-N-benzyloxycarbonyl-amino)-4-oxo-hex-2-enoate (148)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 1.75 mL, 1.75 mmol) under an 
atmosphere o f N2 at 0 C. Methylene iodide (0.21 mL, 2.63 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. P-Keto ester 147 (128 mg, 0.35 
mmol) in CH2CI2 (1 mL) was added rapidly by syringe and allowed to stir at 0 °C for 30 
minutes. Iodine (530 mg, 2.1 mmol) was added to the reaction mixture in a single 
portion and allowed to stir until a pink color persisted for 30 seconds. A saturated 
solution o f sodium thiosulfate (10 mL) was added and the mixture was stirred until the 
pink color had disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.52 mL, 3.5 
mmol) was added and the mixture was stirred for 1 minute, washed with saturated 
aqueous ammonium chloride and extracted three times with diethyl ether. The combined 
organic layers were dried with anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (3:1, hexanes/EtOAc; R/= 0.21) yielded 148 (91 mg, 6 8  %) as 
a yellow o il .1H NMR (500 MHz, CDC13) 8  7.40-7.15 (m, 1 OH), 7.08 (d, 0.54H, J  = 15.6 
Hz), 6.90 (d, 0.46H, J = 15.6 Hz), 6.65 (d, 0.54H, J = 15.6 Hz), 6.41 (d, 0.46H, J  = 15.6 
Hz), 5.25-5.09 (m, 2H), 4.80-4.35 (m, 1.6H), 3.79-3.73 (m, 3H), 1.33-1.21 (m, 3H); ,3C
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NMR (125 MHz,CDC13)8  196.8,196.4,166.0, 165.8,156.2,137.6, 137.4,136.7, 136.3,
135.9,130.8, 128.9, 128.7, 128.5, 128.4, 128.3, 128.1, 128.0,68.2,61.3,60.9,52.4,51.6,
49.9, 13.8, 13.3; HRMS (Cl, NH3) [M+NH4 ]+ calcd for C22H27N2O5 399.1914, found 
399.1898.
Methyl 2-[benzyl-(3-oxo-butyryl)-amino|-propionoate (140)
A 100 mL round-bottom flask charged with benzene (20 mL) and methyl 25- 
(benzylamino)-propionate 139 (707 mg, 3.6 mmol) was stirred under an atmosphere o f 
nitrogen at 0°C. Diketene (0.39 mL, 5.0 mmol) and pyridine (0.59 mL, 7.32 mmol) were 
added and the solution was heated at reflux for five hours. The solution was cooled and 
diluted with diethyl ether (30 mL). The solution was transferred to a separatory funnel 
and washed with a saturated aqueous solution o f ammonium chloride (40 mL). The 
layers were separated and the aqueous phase was extracted with Et2 0  (3 x 20 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. Chromatography on silica (2:1, hexanes/EtOAc; R/ = 0.20) yielded 140 as a clear 
oil (719 mg, 72%) as a mixture o f rotomers and enol forms. 'H NMR (500 MHz, CDCI3) 
8  7.39-7.25 (m, 5H), 4.80-4.40 (m, 3H), 3.69 (s, 3H), 3.53-3.45 (m, 2H), 2.24 (s, 3H),
1.42 (d, 3 H ,y =  7.3 Hz); Resonances corresponding to enol form include: 5 11.8 (s), 5.05 
(s), 3.68 (s), 1.89 (s), 1.38 (d); l3C NMR (125 MHz, C D C I3) Resonances corresponding 
to P-keto amide, enol form, and rotomers include: 8  202.5, 202.2,176.2,173.3,172.6,
172.0, 171.6, 168.0, 167.6, 138.0, 137.5, 136.7, 129.2, 128.9, 128.6, 128.1, 127.7, 127.6,
127.3, 126.6, 126.6, 87.9, 56.3, 54.7, 53.6, 52.7, 52.5, 50.9, 50.5, 50.0,46.9, 30.4, 30.4,
22.2, 16.3, 15.3, 14.9.
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Methyl £- 2-[benzyl-(4-oxo-pent-2-enoyl)-amino|-propionate (141)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and diethyl zinc (1.0 M in hexanes, 3.36 mL, 3.36 mmol) under an 
atmosphere o f  N 2 at 0 °C. Methylene iodide (0.28 mL, 3.47 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. p-Keto amide 140 (155 mg, 0.56
o
mmol) in CH2CI2 (1 mL) was added rapidly by syringe and allowed to stir at 0  C for 30 
minutes. Iodine (883 mg, 3.47 mmol) was added to the reaction mixture in a single 
portion and allowed to stir until a pink color persisted for 30 seconds. A saturated 
solution o f sodium thiosuifate (10 mL) was added and the mixture was stirred until the 
pink color had disappeared. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.84 mL, 5.6 
mmol) was added and the mixture was stirred for 1 minute, washed with saturated 
aqueous ammonium chloride and extracted three times with diethyl ether. The combined 
organic layers were dried with anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (2:1, hexanes/EtOAc; R /= 0.18) yielded 141 (20 mg, (74 %) as 
a yellow oil. 'H  NMR (400 MHz, CDCI3 ) 5 7.39-7.26 (m, 5H), 7.15 (d, 1H, J=  15.2 Hz), 
7.08 (d, 1H, J = 15.6), 4.79-4.59 (m, 3H), 3.70 (s, 2.5H), 3.56 (s, 0.50H), 2.36 (s, 0.50H), 
2.24 (s, 2.5H), 1.45-1.39 (m, 3H); 13C NMR (100 MHz, CDC13) 5 197.6, 171.9, 166.2,
138.8,136.9, 131.4, 129.2, 128.2, 126.6, 54.8, 52.6, 50.6,29.2, 15.0; HRMS (CI,NH3) 
[M +N ILf calcd for C22H25N2O4 381.1809, found 381.1799.
Methyl 6 R -(/erf-butyl-diphenyl-silanyloxy)-3-oxo-heptanoate (116)
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Into a 100 mL round-bottom flask containing a 60% suspension o f  sodium hydride in 
mineral oil (221 mg, 5.5 mmol) under an atmosphere of N2 was added THF (20 mL). The 
resulting gray suspension was brought to 0 °C and methyl acetoacetate (0.54 mL, 5 
mmol) was added slowly. The resulting yellow solution was allowed to stir at this 
temperature for 0.5 hours. The temperature o f  the yellow solution was lowered to -15  °C 
and a 2.5 M solution o f  n-BuLi (2.2 mL, 5.5 mL) was added. The resulting red solution 
was allowed to stir for 15 min and -propylene oxide (0.39 mL, 5.5 mmol) was added. 
The solution then stirred for 4 hours at this temperature and TBDPSC1 (1.17 mL, 5 
mmol) was added. The solution was allowed to slowly warm to room temperature and 
allowed to stir for an additional 8  hours. The reaction was quenched with saturated 
aqueous ammonium chloride (25 mL), and the solution was extracted with ether (3 x 25 
mL). The combined organic extracts were dried over Na2SC>4 and concentrated in vacuo. 
Chromatography on silica (15:1, hexanes/EtOAc; R/ = 0.18) yielded 116 (823 mg, 48 %) 
as a clear oil. 'H NMR (500 MHz, CDCI3 ) 5 7.70-7.67 (m, 4H), 7.46-7.38 (m, 6 H), 3.96- 
3.90 (m, 1H), 3.72 (s, 3H ),3.38(d, lH ,y = 1 5 .6  Hz), 3.35 (d, l H , y =  15.6 Hz), 2.67-2.51 
(m, 2H), 1.82-1.69 (m, 2H), 1.10-1.07 (m, 12H); ,3C NMR (125 MHz, CDC13) 8  202.5,
167.6, 135.8, 135.8, 134.8, 129.6, 129.5, 127.6, 127.5, 68.4, 52.2,48.9,38.7, 32.5, 27.0,
23.1, 19.2. [<x]20d = +10.25 (c = 0.0122g/mL, benzene).
Methyl 7R  -(fcrf-butyl-diphenyl-silanyloxy)-4-oxo-oct-2-enoate (112)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL o f 
methylene chloride and diethyl zinc (1.0 M in hexanes, 1.95 mL, 1.95 mmol) under an 
atmosphere o fN 2 at 0 °C. Methylene iodide (0.16 mL, 2.03 mmol) was added and the
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resulting white suspension was stirred for 10 minutes. Compound 116 (146 mg, 0.39 
mmol) was added rapidly by syringe and allowed to stir at 0 °C for 30 minutes. Iodine 
(516 mg, 2.03 mmol) was added in a single portion to the reaction mixture and allowed to 
stir until a pink color persisted for 30 seconds. Sodium thiosulfate (10 mL) was added 
and the mixture was stirred until the pink color had disappeared. 1 ,8 - 
Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.58 mL, 3.9 mmol) was added and the mixture 
was stirred for 1 minute, washed with saturated aqueous ammonium chloride and 
extracted three times with diethyl ether. The combined organic layers were dried with 
anhydrous sodium sulfate and concentrated in vacuo. The residue was chromatographed 
on silica (15:1, hexanes/ethyl acetate; R/ = 0.19) to yield 116 (96 mg, 64%) as a colorless 
oil. 'H NMR (500 MHz, CDC13) 8  7.65-7.62 (m, 4H), 7.43-7.36 (m, 6 H), 6.98 (d, 1H, J  =
16.1 Hz), 6.58 (d, l H , y =  16.1 Hz), 3.96-3.90 (m, 1H), 3.82 (s, 3H), 2.72-2.58 (m, 2H), 
1.82-1.69 (m, 2H), 1.08 (d,3H , .7=8.3 Hz), 1.05 (s, 9H); I3CNMR(125 MHz,CDC13)8
199.5, 166.0, 139.5, 135.9, 135.8, 134.8, 130.1, 129.7, 129.6, 127.6, 127.5, 68.7, 52.5,
37.5, 33.0, 27.3,23.5, 19.5.; [gc]25d = +20.0 (c = 0.003g/mL, methanol).
C. Preparation of a,P-unsaturated-y-keto lactones 
But-3-enyl 3-oxo-butanoate (150)131
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
benzene (20 mL), diketene (1.0 mL, 13.0 mmol) and 3-buten-l-ol (0.86 mL, 10 mmol) 
under an atmosphere o f N2 at 0 °C. Triethylamine was added (2.1 mL, 15 mmol) slowly 
and the solution was allowed to warm to room temperature. The solution was allowed to 
stir for 2 h, washed with 20 mL sat. aqueous NH4CI (20 mL). The organic layer was
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washed with sat. aqueous Na2HCC>3 (20 mL) and the layers were separated. The 
combined aqueous washings were extracted (3 x 20 mL) with Et20  and the combined 
organic layers were dried over anhydrous Na2S0 4  and concentrated in vacuo. The 
residue was chromatographed on silica (10:1, hexanes/ethyl acetate; R/= 0.23) to yield 
1.31 g (84%) o f 150 as a clear oil. ‘H NMR (400 MHz, CDC13) keto form 8  5.75 (tdd, 
l H , y =  6 .8 , 10.5, 17.2 Hz), 5.14-5.07 (m, 2H), 4.20 (t, 2H, 7 =  6 . 6  Hz), 3.46 (s, 2H), 
2.44-2.38 (m, 2H), 2.27 (s, 3H); Visible resonances corresponding to enol form include: 8
12.1 (s), 4.99 (s), 1.96 (s); ,3C NMR (100 MHz, CDCI3) keto and enol resonances 8
200.7, 175.8, 167.3, 133.8, 117.7, 117.5, 89.9, 64.5, 63.2, 50.2, 33.2, 33.1, 30.3, 21.4.
But-3-enyl 3-oxo-dec-9-enoate (152)
A 100 mL round bottom flask containing a suspension o f NaH (60% in hexanes, 134 mg, 
3.3 mmol) in THF (10 mL) was cooled to 0 °C under a blanket o f N2. A solution o f P- 
keto ester 150 (468 mg, 3.0 mmol) dissolved in THF (5 mL) was added slowly and the 
solution was allowed to stir for 30 min until the suspension became a clear yellow 
solution. The solution was cooled to -15 °C and n-BuLi (1.3 M in hexanes, 2.5 mL, 3.3 
mmol) was added slowly. The solution was allowed to stir for an additional 20 min, at 
which time 6 -bromo-l-hexene (0.44 mL, 3.3 mmol) was added. The solution was 
allowed to warm to room temperature and stirred overnight. The resulting thick 
suspension was quenched with sat. aqueous NH4C1 (20 mL) and washed successively 
with D.I. H20  (20 mL) and brine (20 mL). The organic layer was separated and the 
combined aqueous washings were extracted with Et20  (3 x 20 mL). The combined 
organic extracts were dried over anhydrous Na2SC>4 and concentrated in vacuo. The
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residue was chromatographed on silica (15:1, hexanes/ethyl acetate; R /=  0.21) to yield 
510 mg (78%) of 152 as a clear oil. ‘H NMR (500 MHz, CDC13) keto form 5 5.83-5.73 
(m, 2H), 5.14-4.92 (m, 4H), 4.19 (t, 2H, J  = 6.5 Hz), 3.43 (s, 2H), 2.54 (t, 2H, J  = 7.5 Hz)
2.43-2.39 (m, 2H), 2.07-2.02 (m, 2H), 1.63-1.57 (m, 2H), 1.43-1.27 (m, 4H); Visible 
resonances corresponding to enol form include: 2.23-2.17 (m); 13C NMR (125 MHz, 
CDC13) keto and enol resonances 8  202.9,167.4,139.0, 139.0, 134.2, 133.9,117.7,
117.5, 114.7, 114.6, 89.1, 64.5, 63.2,49.4,43.2, 35.2, 33.8, 33.7, 33.3, 33.1,28.8,28.8,
28.7, 28.6, 26.3, 23.5; HRMS (Cl) [M+NH4]+ calcd for C u ^ N O j  256.1907, found 
256.1909.
Oxacyclotridec-10-ene-2,4-dione (153)
To a solution o f p-keto ester 152 (102 mg, 0.43 mmol) in dry CH2CI2 (250 mL) was 
added bis(cyclohexylphosphine)benzylidine ruthenium (IV) dichloride (35 mg, 0.043 
mmol). This solution was heated to reflux for 4 hours. The solution was allowed to cool 
and concentrated in vacuo. The residue was chromatographed on silica (10:1, 
hexanes/ethyl acetate; R /=  0.19) to yield 6 6  mg (73%) o f 153 as an inseparable 4:1 
mixture o f E and Z isomers respectively. lH NMR (500 MHz, CDCI3) major isomer: 8  
5.50-5.43 (m, 1H), 5.32-5.28 (m, 1H), 4.23-4.21 (m, 2H), 3.39 (s, 2H), 2.51 (t, 2H, J  =
7.0 Hz), 2.38-2.35 (m, 2H), 2.02-1.99 (m, 2H), 1.66 (p, 2H, J=  6.5 Hz), 1.47-1.31 (m, 
4H); Minor isomer: 4.26-4.24 (m), 3.42 (s), 2.55-2.52 (m), 2.43-2.40 (m), 2.09-2.05 (m); 
l3C NMR (125 MHz, CD CI3) Visible signals corresponding to both E  and Z isomers: 8
203.3, 167.1, 134.6, 132.5, 127.2, 127.1,65.4, 64.3, 50.2, 50.0,43.5,42.3, 32.4,32.1,
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27.8,27.4,27.2,26.6,26.4,25.3,23.1,23.0; IR (film) 2929.6, 2856.0, 1743.0,1713.4, 
1254.5; HRMS (El) [M +H f calcd forC ^H ^O j 211.1642, found211.1604.
Oxacyclotridecane-2,4-dione (154)
To a 100 mL round-bottom flask containing P-keto lactone 153 (53 mg, 0.25 mmol) in 
MeOH (5 mL) under a blanket o f Ni was added 10% Pd on carbon (25 mg). The vessel 
was purged with hydrogen via a balloon and the nitrogen inlet was removed. The 
suspension was allowed to stir at room temperature with the balloon attached for 4 h.
The suspension was filtered and concentrated in vacuo to yield 50 mg (95%) o f 154 as a 
white solid; m.p. 39.0 - 40.5 °C. 'H NMR (500 MHz, CDC13) 8  4.21-4.19 (m, 2H), 3.44 
(s, 2H), 2.63-2.61 (m, 2H), 1.71-1.62 (m, 4H), 1.44-1.36 (m, 2H), 1.34-1.28 (m, 8 H); 13C 
NMR (125 MHz, CDClj) 8  202.6, 166.8,65.5,50.5,42.0,26.5,25.9,25.2,25.1,24.9,
23.2,21.8.
£-Oxacyclotetradec-3-ene-2,5-dione (155)132
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and P-keto ester 154 (39 mg, 0.19 mmol). To this solution was added 
diethyl zinc (1.0 M in hexanes, 1.14 mL, 1.14 mmol) under an atmosphere o f N: at 0 °C. 
This solution was allowed to stir for 5 min. and CH2I2 (0.95 mL, 1.18 mmol) was added. 
The solution was monitored by TLC until starting material was no longer visible (approx. 
45 min.). Iodine (300 mg, 1.18 mmol) was added to the reaction mixture in a single 
portion and allowed to stir until a pink color persisted for 30 seconds. A saturated 
solution o f sodium thiosulfate (10 mL) was added and the mixture was stirred until the
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pink color had disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.28 mL, 1.9 
mmol) was added and the mixture was stirred for 1 minute, washed with saturated 
aqueous ammonium chloride (20 mL) and the layers were separated. The aqueous layer 
was extracted with diethyl ether (3 x 25 mL). The combined organic layers were dried 
over anhydrous sodium sulfate and concentrated in vacuo. The residue was 
chromatographed on silica (15:1, hexanes/ethyl acetate; R/= 0.19) to yield 30 mg (69%) 
of 155 as a yellow oil. 'H NMR (500 MHz, CDC13) 8  7.39 (d, 1H, J = 15.6 Hz), 6.60 (d, 
1H, J = 15.6 Hz), 4.33-4.31 (m, 2H), 2.55-2.52 (m, 2H), 1.77-1.70 (m, 4H), 1.56-1.52 (m, 
2H), 1.46-1.35 (m ,8 H); l3C NMR (125 MHz, CDClj) 8  201.1,165.3, 138.0, 130.5,66.8,
42.3, 28.6,27.5, 27.5, 26.8, 26.7, 26.5,23.6; HRMS (Cl) [M +Naf calcd for CnHzoOsNa 
247.1304, found 247.1317.
Pent-4-enyl 3-oxo-butanoate (157)133
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
benzene (20 mL). Diketene (1.0 mL, 13.0 mmol) and 4-penten-l-ol (1.03 mL, 10 mmol)
e
were added under an atmosphere o f N2 at 0 C. Triethylamine was added (2.1 mL, 15 
mmol) slowly and allowed to warm to room temperature. The solution was allowed to 
stir for 2 h, washed with 20 mL sat. aqueous NH4CI (20 mL). The organic layer was 
washed with sat. aqueous NaiHCOj (20 mL) and the layers were separated. The 
combined aqueous washings were extracted (3 x 20 mL) with EtiO and the combined 
organic layers were dried over anhydrous Na2S 0 4 and concentrated in vacuo. The 
residue was chromatographed on silica (10:1, hexanes/ethyl acetate; R /= 0.23) to yield
1.38 g (81%) o f  157 as a clear oil. 'H NMR (400 MHz, CDCI3) keto form 8  5.85 (tdd,
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1H, J = 6 .8 , 10.0, 17.2 Hz), 5.07-4.98 (m, 2H), 4.16 (t, 2H, J = 6 . 8  Hz), 3.46 (s, 2H), 2.27 
(s, 3H), 2.15 (q, 2H, J=  6 . 8  Hz), 1.78 (p, 2H, J=  6 . 8  Hz); Visible resonances 
corresponding to enol form include: 8  1.96 (s); l3C NMR (100 MHz, CDCI3) keto and 
enol resonances 8  200.8, 167.3, 137.4, 115.6,64.9,63.8, 50.3,30.3, 30.1,27.8,21.7; 
HRMS (Cl, NH3) [M+NH4 ]+ calcd for C9H 18N0 3 188.1284, found 188.1281.
Pent-4-enyl 3-oxo-dec-9-enoate (158)
A 100 mL round-bottom flask containing a suspension o f  NaH (60% in hexanes, 193 mg,
4.8 mmol) in THF (15 mL) was cooled to 0 °C under a blanket o f  N2. A solution o f  (3- 
keto ester 157 (680 mg, 4.0 mmol) dissolved in THF (5 mL) was added slowly and the 
solution was allowed to stir for 30 min. until the suspension became a clear yellow 
solution. The solution was cooled to -15 °C and n-BuLi (1.3 M in hexanes, 4.0 mL, 5.2 
mmol) was added slowly and allowed to stir for an additional 2 0  min, at which time 6 - 
bromo-l-hexene (0.59 mL, 4.4 mmol) was added. The solution was allowed to warm to 
room temperature and stirred overnight. The resulting thick suspension was quenched 
with sat. aqueous NH4CI (20 mL) and washed with successively with D.I. H20  (20 mL) 
and brine (20 mL). The organic layer was separated and the combined aqueous washings 
were extracted with Et20  (3 x 20 mL). The combined organic extracts were dried over 
anhydrous Na2S0 4  and concentrated in vacuo. The residue was chromatographed on 
silica (15:1, hexanes/ethyl acetate; R /= 0.21) to yield 721 mg (71%) of 158 as a clear oil. 
'H NMR (500 MHz, CDC13) keto form 8  5.81-5.76 (m, 2H), 5.06-4.93 (m, 4H), 4.15 (t, 
2H, 7 = 6 .0  Hz), 3.43 (s, 2H), 2.54 (t, 2H J=  7.5 Hz), 2.15-2.10 (m, 2H), 2.07-2.02 (m, 
2H), 1.78-1.72 (m, 2H), 1.65-1.58 (m, 2H), 1.41-1.29 (m, 4 H ),; Visible resonances
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corresponding to enol form include: 2.22-2.17 (m); l3C NMR (125 MHz, CDC13) keto 
and enol resonances 5 202.9, 167.4, 138.9, 137.4, 115.6,114.6,89.1,64.9,63.2,49.5, 
43.2,35.2,33.7,30.1,28.8,28.7,28.1,27.9,26.3,23.5; IR (film) 2977.6,2936.8,2360.2,
2342.5, 1734.1, 1717.4; HRMS (Cl, NH3) [M+NH4 ]+ calcd for C ^ N O s  270.2063, 
found 270.2066.
£-Oxacyclotetradec-10-ene-2,4-dione (159a)
To a solution of p-keto ester 158 (200 mg, 0.79 mmol) in dry CH2CI2 (250 mL) was 
added bis(cyclohexylphosphine)benzylidine ruthenium (IV) dichloride (33 mg, 0.040 
mmol). This solution was heated to reflux for 3 hours. The solution was allowed to cool 
and concentrated in vacuo. The residue was chromatographed on silica (13:1, 
hexanes/ethyl acetate; R/ = 0.17) to yield the more polar component (159a) 38 mg (21%) 
as a clear oil. 'H NMR (400 MHz, CDC13) 8  5.45-5.28 (m, 2H), 4.21-4.18 (m, 2H), 3.44 
(s, 2H), 2.50-2.46 (m, 2H), 2.22-2.17 (m, 2H), 2.06-2.01 (m, 2H), 1.81-1.64 (m, 4H),
1.44-1.30 (m, 4H); 13C NMR (100 MHz, CDC13) 8  204.2, 167.4, 131.2, 130.3,66.7, 49.2,
43.0, 31.9, 30.7, 28.3, 27.3, 26.3,24.1; IR (film) 2928.4,2855.6, 1743.5, 1714.0; HRMS 
(Cl, NH3) [M+NH4f  calcd for C 13H24NO3 242.1750, found 242.1759.
Z-Oxacy clotetradec-10-ene-2,4-dione (159b)
The residue described in the previous reaction (preparation o f 159a) was 
chromatographed on silica (13:1, hexanes/ethyl acetate; R /= 0.19) to yield the less polar 
component (159b) 77 mg (44%) as a clear oil. 'H NMR (500 MHz, CDCI3) 8  5.49-5.44 
(m, 1H), 5.31-5.26 (m, 1H), 4.18-4.16 (m, 2H), 3.42 (s, 2H), 2.56-2.53 (m, 2H), 2.23-
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2.19 (m,2H), 2.03-1.99(m, 2H), 1.77-1.64 (m, 4H), 1.37-1.32 (m, 4H); ,3CNM R(125 
MHz, CDC13) 5 203.2,167.5,131.1, 128.9,64.3,50.6,41.2,28.5, 27.6,26.9,25.9,23.5,
22.3.
Oxacyclotetradecane-2,4-dione (160)134
To a 100 mL round-bottom flask containing P-keto lactone 159a and 159b (99 mg, 0.44 
mmol) in EtOH (10 mL) under a blanket o f  N2 was added 10% Pd on carbon (40 mg). 
The vessel was purged with hydrogen via a balloon and the nitrogen inlet was removed. 
The suspension was allowed to stir at room temperature with the balloon attached for 4 h. 
The suspension was filtered and concentrated in vacuo to yield 94 mg (94%) o f 160 as a 
white solid; m.p. 34.0 - 35.2 °C. 'H NMR (500 MHz, CDC13) 5 4.21-4.19 (m, 2H), 3.43 
(s, 2H), 2.59 (t,2H, J  = 7.0 Hz), 1.72-1.66(m,4H), 1.42-1.20(m, 12H); 13C NMR(125 
MHz, CDCh) 6  202.6, 167.3,65.2, 50.2,41.1, 27.5, 26.3,25.9, 25.5,25.2,24.7,23.9, 
21.2; HRMS (Cl, NH3) [M+NR,]+ calcd for CI3H26N 0 3 244.1907, found 244.1913.
£-Oxacyclopen tadec-3-ene-2,5-dione (161)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and P-keto ester 160 (87 mg, 0.39 mmol). To this solution was added 
diethyl zinc (1.0 M in hexanes, 2.3 mL, 2.3 mmol) under an atmosphere o f  N 2 at 0 °C. 
This solution was allowed to stir for 5 min and CH2 I2 (0.20 mL, 2.4 mmol) was added. 
The solution was monitored by TLC until starting material was no longer visible (approx. 
45 min). Iodine (616 mg, 2.4 mmol) was added to the reaction mixture in a single portion 
and allowed to stir until a pink color persisted for 30 seconds. A saturated solution of
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sodium thiosulfate (10 mL) was added and the mixture was stirred until the pink color 
had disappeared. l,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.58 mL, 3.9 mmol) was 
added and the mixture was stirred for 1 minute, washed with saturated aqueous 
ammonium chloride (20 mL) and the layers were separated. The aqueous layer was 
extracted with diethyl ether (3 x 25 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. The residue was chromatographed 
on silica (15:1, hexanes/ethyl acetate; R/= 0.19) to yield 62 mg (6 6 %) of 161 as a yellow 
solid, m.p. 41 .7 -43 .2  °C. 'H NMR (500 MHz, CDCI3 ) 8  7.21 (d, 1H, J=  15.6 Hz), 6.64 
(d, l H , / =  16.1 Hz), 4.27-4.25 (m, 2H), 2.57-2.55 (m, 2H), 1.76-1.71 (m, 4H), 1.49-1.32 
(m, 12H); I3C NMR (125 MHz, CDC13) 5201.4, 165.4, 138.5, 130.9,66.5,41.3, 28.9,
27.9, 27.6, 27.5, 27.1, 27.0,26.5,25.0; HRMS (Cl, NH3) [M+NR,]+ calcd for C ^ N O s  
256.1907, found 256.1912.
But-3-enyl 3-oxo-non-8-enoate (163)
A 100 mL round bottom flask containing a suspension o f NaH (60% in hexanes, 480 mg, 
12 mmol) in THF (30 mL) was cooled to 0 °C under a blanket o f  N2 . A solution o f 0- 
keto ester 150 (1.56 g, 10 mmol) dissolved in THF (5 mL) was added slowly and the 
solution was allowed to stir for 30 min until the suspension became a clear yellow 
solution. The solution was cooled to -15 °C and /i-BuLi (1.3 M in hexanes, 9.2 mL, 12 
mmol) was added slowly and allowed to stir for an additional 20 min after which time 5- 
bromo-l-pentene (1.3 mL, 11 mmol) was added. The solution was allowed to warm to 
room temperature and stirred overnight. The resulting thick suspension was quenched 
with sat. aqueous NH4CI (30 mL) and washed successively with D.I. H2O (30 mL) and
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brine (30 mL). The organic layer was separated and the combined aqueous washings 
were extracted with Et2 0  (3 x 20 mL). The combined organic extracts were dried over 
anhydrous Na2S0 4 and concentrated in vacuo. The residue was chromatographed on 
silica (15:1, hexanes/ethyl acetate; R /=  0.23) to yield 1.53 g (6 8 %) o f  163 as a clear oil. 
'H  NMR (500 MHz, CDC13) keto form: 8  5.83-5.73 (m, 2H), 5.10-4.94 (m, 4H), 4.19 (t, 
2 H ,y =  6 . 8  Hz), 3.43 (s, 2H), 2.56-2.53 (m, 2H), 2.43-2.39 (m, 2H), 2.08-2.04 (m, 2H), 
1.64-1.61 (m, 2H), 1.45-1.37 (m, 2H); Visible resonances corresponding to enol form 
include: 2.22-2.19 (m); I3C NMR (125 MHz, CDC13) keto and enol resonances 8  202.7,
167.4, 138.5, 134.1, 133.9, 117.6, 114.9, 89.2, 64.5, 63.2,49.4,43.0, 35.1,33.6, 33.3,
33.1, 28.4,25.9, 23.1; HRMS (Cl, NH3) [M+NH4]+ calcd for C,3H24N 0 3 242.1750, found 
242.1753.
Oxacyclododec-9-ene-2,4-dione (164)
To a solution o f P-keto ester 163 (236 mg, 1.05 mmol) in dry CH2CI2 (250 mL) was 
added bis(cyclohexylphosphine)benzylidine ruthenium (IV) dichloride (42 mg, 0.050 
mmol). This solution was heated to reflux for 4 hours. The solution was allowed to cool 
and concentrated in vacuo. The residue was chromatographed on silica (10:1, 
hexanes/ethyl acetate; R/ = 0.20) to yield 143 mg (69%) o f 164 as an inseparable 6 :1 
mixture o f E and Z isomers, respectively. 'H NMR (500 MHz, CDC13) Major isomer: 8  
5.46-4.42 (m, 1H), 5.35-5.29 (m, 1H), 4.32-4.28 (m, 2H), 3.35 (s, 2H), 2.65-2.62 (m,
2H), 2.44-2.39 (m, 2H), 2.14-2.08 (m, 2H), 1.70-1.64 (m, 2H), 1.55-1.50 (m, 2H); Visible 
signals corresponding to minor isomer 3.93 (s), 2.53-2.50 (m); I3C NMR (120 MHz, 
CDC13) Visible signals corresponding to both £  and Z  isomers: 8  202.8, 167.1, 135.3,
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132.8, 127.0, 126.5,64.7,63.3, 50.7,50.3,40.7,40.5,33.3,32.0,27.6,26.5,25.3, 24.4, 
23.1,22.2; IR (film) 2929.6,2856.0, 1743.0,1713.4; HRMS (Cl, NH3) [M+NH4]+ calcd 
forCuHaoNOj 214.1440, found 214.1437.
Oxacyclododecane-2,4-dione (165)135
To a 100 mL round bottom flask containing P-keto lactone 164 (91 mg, 0.46 mmol) in 
EtOH (10 mL) under a blanket o f  N3 was added 10% Pd on carbon (20 mg). The vessel 
was purged with hydrogen via a balloon and the nitrogen inlet was removed. The 
suspension was allowed to stir at room temperature with the balloon attached for 3 hours. 
The suspension was then filtered and concentrated in vacuo to yield 8 6  mg (95%) o f  165 
as a clear oil. 'H NMR (500 MHz, CDC13) 8  4.19-4.17 (m, 2H), 3.43 (s, 2H), 2.65-2.63 
(m, 2H), 1.73-1.65 (m, 4H), 1.49-1.44 (m, 2H), 1.37-1.27 (m, 6 H); 13C NMR (125 MHz, 
CDC13) 8  202.9, 167.0, 66.5, 50.9,40.5,26.5, 26.1, 24.6, 23.5, 23.0,21.7; HRMS (Cl,
Na) [M+Na]+ calcd for C ,,H,80 3Na 221.1148, found 221.1170.
ZT-oxacyclododec-3-ene-2,5-dione (166a) and Z-oxacyclododec-3-ene-2,5-dione (166b)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 15 mL of 
methylene chloride and P-keto ester 165 (96 mg, 0.48 mmol). To this solution was added 
diethyl zinc (1.0 M in hexanes, 2.9 mL, 2.9 mmol) under an atmosphere o f  N3 at 0 °C. 
This solution was allowed to stir for 5 min and CH2I2 (0.24 mL, 2.9 mmol) was added. 
The solution was monitored by TLC until starting material was no longer visible (approx. 
45 min). Iodine (756 mg, 2.9 mmol) was added to the reaction mixture in a single portion 
and allowed to stir until a pink color persisted for 30 seconds. A saturated solution o f
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sodium thiosulfate (10 mL) was added and the mixture was stirred until the pink color 
had disappeared. l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.72 mL, 4.8 mmol) was 
added and the mixture was stirred for 1 min. The mixture was washed with saturated 
aqueous ammonium chloride (20 mL) and the layers were separated. The aqueous layer 
was extracted with diethyl ether (3 x 25 mL). The combined organic layers were dried 
over anhydrous sodium sulfate and concentrated in vacuo. The residue was 
chromatographed on silica (15:1, hexanes/ethyl acetate; R, = 0.21) to yield 63 mg (62%) 
o f 166a as a yellow oil. 'H NMR (500 MHz, CDC13) 8  7.52 (d, 1H,J =  15.6 Hz), 6.49 (d, 
1H, J=  15.6 Hz), 4.30-4.28 (m, 2H), 2.50-2.48 (m, 2H), 1.75-1.73 (m, 4H), 1.46-1.40 (m, 
8 H); l3C NMR (125 MHz, CDC13) 8  201.5, 165.9, 139.8, 129.4, 65.9, 42.4, 27.7,27.5,
27.1,27.1, 23.9,23.5. The more polar component (15:1, hexanes/ethyl acetate; R /= 0.19) 
was isolated (6.3 mg, 6 %) o f 166b as a yellow oil. 'H NMR (500 MHz, CDCI3) 8  6.45 
(d, 1H, J  = 12.7 Hz), 6.02 (d, 1H, J = 12.7 Hz), 4.21-4.19 (m, 2H), 2.62-2.60 (m, 2H), 
1.76-1.71 (m,2H), 1.69-1.64 (m, 2H), 1.52-1.44 (m, 4H), 1.37-1.33 (m, 4H); l3CNM R 
(125 MHz, CDCI3) 8  202.7, 165.8, 139.3, 126.5, 66.5,40.8, 26.3,26.1,26.0,25.1,24.5, 
21.0; HRMS (Cl, NH3) [M + N tL f calcd for C 12H22NO3 228.1594, found 228.1601.
(/?)-l-methyl-pent-4-enyl 3-oxo-butanoate (193) 
Method A:
A 250 mL round-bottom flask was fitted with a 100 mL addition funnel and purged with 
N2 for 30 min. The round-bottom flask was charged with Mg° (1.8 g, 75 mmol), THF 
(50 mL) and a crystal o f iodine. The addition funnel was charged with allyl bromide (3.2 
mL, 37.5 mmol) and THF (50 mL). A portion o f the solution o f allyl bromide and THF
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was added (5 mL) and the mixture was allowed to stir until the brown color of the 
mixture disappeared. The solution was allowed to stir for an additional 10 min, and then 
the allyl bromide/THF solution was added dropwise over a 1 hour period. Following 
completion o f  the addition, the mixture was allowed to stir for an additional 1 hour. The 
mixture was brought to -40 °C and Cul (215 mg, 1.13 mmol) was added. The resulting 
light green mixture was allowed to stir for an additional 10 minutes, at which time R- 
propylene oxide (1.05 mL, 15 mmol) in THF (10 mL) was added in a single portion. The 
mixture was allowed to warm to -15 °C and allowed to stir for an additional 2 hours. A 
solution o f diketene (2.9 mL, 37.5 mmol) in THF (10 mL) was added dropwise over 15 
minutes. The solution was allowed to stir for an additional 15 minutes, then allowed stir 
at 0 °C for an additional 30 minutes. The solution was quenched with saturated aqueous 
ammonium chloride (50 mL). The layers were separated and the organic layer was 
washed with HiO (50 mL) and brine (50 mL). The layers were separated and the 
combined aqueous layers were extracted with Et2 0  (3 x 50 mL) and the combined 
organic layers were dried over anhydrous sodium sulfate. The solution was filtered and 
concentrated in vacuo. The residue was chromatographed on silica (15:1, hexanes/ethyl 
acetate; R/= 0.18) to yield 1.27 g (46%) o f 193 as a colorless oil.
Method B:
A 250 mL round-bottom flask was fitted with a 100 mL addition funnel and purged with 
N2 for 30 min. The round bottom flask was charged with Mg° (1 . 8  g, 75 mmol), THF (50 
mL) and a crystal o f iodine. The addition funnel was charged with allyl bromide (3.2 
mL, 37.5 mmol) and THF (50 mL). A portion solution o f allyl bromide and THF was
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added (5 mL) and the mixture was allowed to stir until the brown color o f  the mixture 
disappeared. The solution was allowed to stir for an additional 10 min, then the allyl 
bromide/THF solution was added dropwise over a 1 hour period. Following completion 
o f  the addition the mixture was allowed to stir for an additional 1 hour. The mixture was 
brought to -40 °C and Cul (215 mg, 1.13 mmol) was added. The resulting light green 
mixture was allowed to stir for an additional 1 0  minutes, at which time propylene oxide 
(1.05 mL, 15 mmol) in THF (10 mL) was added in a single portion. The mixture was 
allowed to warm to -15 °C and allowed to stir for an additional 2.5 hours, then quenched 
with saturated aqueous ammonium chloride (50 mL). The layers were separated and the 
organic layer was washed with H2O (50 mL) and brine (50 mL). The layers were 
separated and the combined aqueous layers were extracted with EtOAc (3 x 50 mL) and 
the combined organic layers were dried over anhydrous sodium sulfate. The solution was 
filtered and concentrated in vacuo. The crude residue was dissolved in benzene (30 mL) 
at 0 °C under a blanket o f N2. Diketene (1.47 mL, 18 mmol) was added to the solution 
followed with dropwise addition o f triethylamine (2.71 mL, 19.5 mmol). The solution 
was allowed to slowly warm to room temperature and allowed to stir for an additional 
three hours then quenched with saturated aqueous ammonium chloride (30 mL), water 
(20 mL) and brine (20 mL). The layers were separated and the aqueous washings were 
extracted with Et2 0  (3 x 30 mL). The combined organic extracts were dried over 
anhydrous sodium sulfate, filtered and concentrated in vacuo. The residue was 
chromatographed on silica (15:1, hexanes/ethyl acetate; R /= 0.18) to yield 1.27 g (74%) 
o f 193 as a colorless oil. 'H NMR (500 MHz, CDCI3) 8  5.80 (tdd, 1H ,7 = 6.5, 10.0, 17.0 
Hz), 5.05-4.95 (m, 3H), 3.43 (s, 2H), 2.27 (s, 3H), 2.26-2.05 (m, 2H), 1.73 (m, 1H), 1.60
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(m, 1H), 1.26 (d, 3H, J  = 6.5 Hz); Visible resonance corresponding to enol form: 1.95 
(s); 13C NMR (125 MHz, CDCI3) Resonances corresponding to keto and enol forms: 8
200.8, 166.9, 137.9, 137.7, 115.3, 115.2, 90.3, 72.0, 70.2, 50.6, 35.3, 35.1, 30.3, 29.8,
21.4,20.2,20.0. \cc^=  -17.1, (c = 0.0226g/mL, EtOH).
(/?)-l-methyl-pent-4-enyl 3-oxo-hept-6-enoate (195)
A 100 mL round-bottom flask containing a suspension o f  NaH (60% in hexanes, 525 mg, 
13.1 mmol) in THF (30 mL) was cooled to 0 °C under a blanket o f N2. A solution o f |3- 
keto ester 193 (2.19 mg, 11.9 mmol) dissolved in THF (5 mL) was added slowly and the 
solution was allowed to stir for 30 min until the suspension became a clear yellow 
solution. The solution was cooled to -15 °C and n-BuLi (2.5 M in hexanes, 5.2 mL, 13.1 
mmol) was added slowly. The solution was stirred for an additional 20 min, at which 
time allyl bromide (1.13 mL, 13.1 mmol) was added. The solution was allowed to warm 
to room temperature and stirred overnight. The resulting thick suspension was quenched 
with sat. aqueous NH4CI (30 mL) and washed successively with D.I. H2O (30 mL) and 
brine (30 mL). The organic layer was separated and the combined aqueous washings 
were extracted with Et2 0  (3 x 20 mL). The combined organic extracts were dried over 
anhydrous Na2S0 4  and concentrated in vacuo. The residue was chromatographed on 
silica (20:1, hexanes/ethyl acetate; R /=  0.20) to yield 2.12 g (80%) o f 195 as a clear oil. 
'H NMR (500 MHz, CDCI3) 8  5.85-5.75 (m, 2H), 5.07-4.96 (m, 5H), 3.42 (s, 2H), 2.65 
(t, 2H ,y=  7.3 Hz), 2.38-2.33 (m, 2H), 2.12-2.06 (m, 2H), 1.73 (m, 1H), 1.59 (m, 1H),
1.25 (d, 3 H ,J  = 6.3 Hz); 13C NMR (125 MHz, CDC13) 8  202.2, 167.0, 137.8, 136.8,
115.8, 115.3, 72.0,49.9, 42.3, 35.1,29.8, 27.6, 20.1; IR (film) 2978.8, 2935.5, 1734.8,
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1717.4; HRMS (Cl, NH3) [M+NFLf calcd for C ,3H 2 4 N 0 3 242.1750, found 242.1755; 
[flrg= -13.3, c = 0.011 g/mL, EtOH.
(1 l/f)-I l-Methyl-oxacycioundec-7-ene-2,4-dione (196)
To a solution o f P-keto ester 195 (202 mg, 0.90 mmol) in dry CH2CI2 (250 mL) was 
added bis(cyclohexylphosphine)benzylidine ruthenium (IV) dichloride (38 mg, 0.047 
mmol). This solution was heated to reflux for 8  hours and additional catalyst was added 
(38 mg, 0.047 mmol). Reflux was continued for an additional 8  hours, at which time 
another portion o f catalyst was added (38 mg, 0.047 mmol). Following an additional 8  
hours at reflux, the solution was allowed to cool and concentrated in vacuo. The residue 
was chromatographed on silica (10:1, hexanes/ethyl acetate; R/ = 0.20) to yield 90 mg 
(52%) o f 196 as a single isomer. 'H NMR (500 MHz, CDC13) 8  5.37-5.25 (m, 2H), 5.04- 
4.98 (m, 1H), 3.39 (d, 1H ,7= 11.2 Hz), 3.31 (d, 1 H ,J=  11.2 Hz), 2.80 (m, 1H), 2.36- 
2.24 (m, 3H), 2.11 (m, 1H), 1.96 (m, 1H), 1.73-1.60 (m, 2H), 1.20 (d, 3H, J  = 6.3 Hz);
,3C NMR (125 MHz, CDC13) 8  203.2, 164.7, 133.2, 127.5, 73.8, 54.9,41.3,34.9, 32.1, 
28.1,21.7; [a]£ = -239, c = 0.0155 g/mL, EtOH.
(1 l/?)-l l-Methyl-oxacycloundecane-2,4-dione (197)
To a 100 mL round bottom flask containing P-keto lactone 196 (180 mg, 0.92 mmol) in 
EtOH (10 mL) under a blanket o f  N2 was added 10% Pd on carbon (30 mg). The vessel 
was purged with hydrogen via a balloon and the nitrogen inlet was removed. The 
suspension was allowed to stir at room temperature with the balloon attached for 4 hours. 
The suspension was then filtered and concentrated in vacuo to yield 173 mg (95%) o f 197
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as a clear oil. [ a g = -100.0, c = 0.0114 g/mL; 'H NMR (500 MHz, CDC13) 84.99 (m, 
1H), 3.41 (d, lH ,y =  13.7 Hz), 3.37 (d, lH ,y =  13.7 Hz), 2.69 (ddd, 1H,.7=3.4,11.2, 
15.6 Hz), 2.40 (ddd, 1 H ,J= 3 .4 , 10.3, 15.6 Hz), 1.92 (m, 1H), 1.78-1.15 (m, 12H); 13C 
NMR (125 MHz, CDClj) 5 203.5, 1-66.1, 74.2, 52.5, 39.3,31.1,24.8, 24.0, 23.2,22.9,
20.7.
12-Methyl-oxacyclododec-3-Z-ene-2,5-dione (176)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 10 mL o f 
benzene and diethyl zinc (1.0 M in hexanes, 1.70 mL, 1.70 mmol) under an atmosphere 
o fN 3 at room temperature. Methylene iodide (0.14 mL, 1.73 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. A solution o f P-keto lactone 197 
(34 mg, 0.17 mmol) in benzene (5 mL) was added rapidly by syringe and allowed to stir 
until the starting material was no longer visible by TLC (approx. 1.5-2.0 hours). Iodine 
(440,1.73 mmol) was added to the reaction mixture in a single portion and allowed to stir 
until a pink color persisted for 30 seconds. A saturated solution o f sodium thiosulfate (20 
mL) was added and the mixture was stirred until the pink color had disappeared. To this 
solution was added DBU (0.25 mL, 1.70 mmol) and the mixture was stirred for 1 minute, 
washed with saturated aqueous ammonium chloride (25 mL) and extracted with diethyl 
ether (3 x 25 mL). The combined organic layers were dried with anhydrous sodium 
sulfate and concentrated in vacuo. The residue was chromatographed on silica (2:1, 
hexanes/EtiO; R/ = 0.22) to yield 24 mg (6 6 %) o f 176 as a yellow oil. 'H NMR (500 
MHz, CDClj) 86.44 (d, 1H,.7 = 13.2 Hz), 6.02 (d, 1 H ,J=  13.2 Hz), 4.97 (m, 1H), 2.69 
(ddd, 1H ,J= 3 .4 , 7.8, 18.1 Hz), 2.54 (ddd, 1H, .7=3.9,8.3, 18.1 Hz), 1.82-1.29 (m,
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10H), 1.27 (d, 3H, .7=5.9 Hz); ,3CNM R(125 MHz, CDC13) 8203.1, 165.5, 139.8,
126.1, 74.8,40.4, 32.0,25.0,24.4, 23.6, 20.6, 19.9.
(12/?)-12-Methyl-oxacyclododec-3/:-ene-2,5-dione (1)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 10 mL o f 
benzene and diethyl zinc (1.0 M in hexanes, 1.90 mL, 1.90 mmol) under an atmosphere 
o f Ni at room temperature. Methylene iodide (0.16 mL, 1.94 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. A solution o f  (3-keto lactone 197 
(38.6 mg, 0.19 mmol) in benzene (2.5 mL) was added rapidly by syringe and allowed to 
stir until the starting material was no longer visible by TLC (approx. 1.5 h). Iodine (495 
mg, 1.94 mmol) was added to the reaction mixture in a single portion and allowed to stir 
until a pink color persisted for 30 seconds. A saturated solution o f  sodium thiosulfate (20 
mL) was added and the mixture was stirred until the pink color had disappeared. The 
mixture was diluted with diethyl ether (20 mL) and washed with an aqueous solution o f 
ammonium chloride (25 mL). The layers were separated and the aqueous phase was 
extracted with diethylether (3 x 25 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. The residue was dissolved in 
diethyl ether (1 mL) and brought to -15 °C. To this solution was added DBU (0.04 mL, 
0.25 mmol) and the mixture was allowed to stir for approximate 2 min. The mixture was 
filtered through a plug o f silica. The silica plug was washed with diethylether (3 x 2  mL) 
and the filtrate was concentrated under reduced pressure in a water bath that was 
maintained at room temperature. Chromatography on silica (2:1, hexanes/EtiO, R/=
0.19) yielded 1(19 mg, 48%) as a white solid (mp = 80.2 -  81.4 °C, lit136 mp 83-84 °C),
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[ffg  = 26.5, c = 0.00204 g/mL, EtOH; m.p. 80.2-81.4 °C; 'H NMR (500 MHz, CDClj) 8  
7.23 (d, 1H ,7=  16.1 Hz), 6.78 (d, 1 H ,J=  16.1 Hz), 4.89 (m, 1H),2.73 (ddd, 1H,7 = 3 .4 ,
10.7,14.2 Hz), 2.47 (ddd, 1H ,7=  3.4,10.3,14.2 Hz), 1.85 (m, 1H), 1.70-1.30 (m, 9H), 
1.39 (d, 3 H , /=  6.4 Hz).
12-Methyl-oxacyclododeca-3£',8Z-diene-2,5-dione (199)
A 100 mL round-bottom flask was equipped with a stir bar and charged with 20 mL of 
benzene and diethyl zinc (1.0 M in hexanes, 8.0 mL, 8.0 mmol) under an atmosphere o f 
N2 at room temperature. Methylene iodide (0.66 mL, 8.2 mmol) was added and the 
resulting white suspension was stirred for 10 minutes. A solution o f P-keto lactone 196 
(197 mg, 1.0 mmol) in benzene (5 mL) was added rapidly by syringe and allowed to stir 
until the starting material was no longer visible by TLC (approx. 1.5-2.0 hours). Iodine 
(2.08 g, 8 . 2  mmol) was added to the reaction mixture in a single portion and allowed to 
stir until a pink color persisted for 30 seconds. A saturated solution o f sodium thiosulfate 
(20 mL) was added and the mixture was stirred until the pink color had disappeared. To 
this solution was added DBU (1.5 mL, 10 mmol) and the mixture was stirred for 1 
minute, washed with saturated aqueous ammonium chloride and extracted three times 
with diethyl ether. The combined organic layers were dried with anhydrous sodium 
sulfate and concentrated in vacuo. The residue was chromatographed on silica (12:1, 
hexanes/ethyl acetate; 0.21) to yield 106 mg (51%) o f 199 as a yellow oil. ‘HNMR 
(500 MHz, CDCI3) 8  7.29 (d, 1H ,7=  16.1, Hz), 6.02 (d, 1 H ,J=  16.1 Hz), 5.35 (m, 1H), 
5.23 (m, 1H), 5.11 (m, lH ),2.66(m , 1H), 2.51-2.35 (m, 3H), 2.28-2.21 (m, 1H), 2.15-
2.09 (m, 1H), 1.94(dddd, 1H, J=  1.5,3.8,9.7, 15.2 Hz), 1.66 (dddd, 1H ,J = 1.5,5.4,
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9.8,15.2 Hz); ,3C NMR(125 MHz, CDClj) 5 202.2, 165.0, 146.0, 137.0, 128.7,125.5,
72.5,43.7,34.8,29.9, 27.5,19.5; HRMS (Cl, NH3) [M+NH4]+ calcd for C,2H2oN0 3 
226.1437, found 226.1443.
12-Methyl-oxacyclododeca-3Z,8£-diene-2,5-dione (200)
To a solution o f 199 (10 mg, 0.048 mmol) in CDC13 (0.75 mL) was added a crystal o f 
iodine. The solution was allowed to stand for seven days. 'H NMR (500 MHz, CDC13) 8  
6.45 (d, 1H ,J = 12.7 Hz), 5.95 (d, 1H ,7=  12.7 Hz), 5.47-5.34 (m, 2H), 5.13-5.08 (m, 
1H), 2.70-2.56 (m, 2H), 2.35-2.23 (m, 3H), 2.12-2.08 (m, 1H), 1.80-1.64 (m, 2H), 1.25 
(d, 3H, J  = 6.4 Hz); ,3CNM R(125 MHz, CDC13) 8  202.8, 164.7, 140.3, 132.9, 127.7,
126.5, 72.8,42.4, 34.1, 28.7, 25.6, 18.6.
D. Competition study and independent dioxene synthesis 
Methyl (2-methyl-4-vinyl-[lr3)dioxolan-2-yl)-acetate (270)
A 100 mL round-bottom flask equipped with a Dean-Stark trap and condenser was 
charged with benzene (50 mL), methyl acetoacetate 268 (1.80 mL, 16.7 mmol), 1-butene- 
3,4-diol 269 (1.76 g, 20 mmol) and p-TsOH (approx. 40 mg). The solution was heated to 
reflux for 24 h with subsequent azeotropic removal o f water. The solution was cooled, 
diluted with diethyl ether (40 mL) and washed with saturated aqueous sodium 
bicarbonate (30 mL). The layers were separated and the aqueous phase was extracted 
with ether (3 x 20 mL). The combined organic layers were dried over anhydrous sodium 
sulfate and concentrated in vacuo. Chromatography on silica (6 :1, hexanes/EtOAc, R/= 
0.21) yielded a 1:1 mixture of diastereomers 270 (2.34 g, 76%). 1H NMR (360 MHz,
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CDCb) 8  5.87-5.78 (m, 1H), 5.40-5.23 (m, 2H), 4.58-4.51 (m, 1H), 4.18-4.13 (m, 1H), 
3.70 (s, 3H), 3.66-3.60 (m, 1H), 2.74 (s, 1H), 2.71 (s, 1H), 1.56 (s, 1.5H), 1.52 (s, 1.5H).
Methyl 4-(2-methyl-4-vinyl-(l,3)dioxolan-2-yl)-3-oxo-butyroate (272)
Methyl ester 270 (1.52 g, 8.2 mmol) was treated with methanolic KOH (2 M, 25 mL) for 
12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution was 
acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x 50 
mL). The combined organic extracts were carefully dried over anhydrous sodium sulfate 
and concentrated in vacuo. The resulting acid was dissolved in THF (25 mL) and 
carbonyl diimidazole (1.73 g, 10.7 mmol) was added in small portions. In a separate 
flask, monomethyl malonate (3.31 g, 28 mmol) was stirred in THF (40 mL), treated with 
Bu2Mg (1.0 M in heptane, 14 mmol) at 0 °C, and allowed to warm to room temperature. 
The two solutions were combined and stirred for an additional 24 h, diluted with diethyl 
ether (30 mL), successively washed with aqueous ammonium chloride (40 mL), aqueous 
brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The aqueous layers 
were combined and the aqueous phase was extracted with Et2 0  (3 x 20 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. The residue was chromatographed on silica (6:1, hexanes/EtOAc, R/ = 0.20) to 
yield 272 as a 1:1 mixture of diastereomers (1.024 g, 55%) as a clear yellow oil. 1H 
NMR (360 MHz, CDC13) 8  5.87-5.77 (m, 1H), 5.40-5.23 (m, 2H), 4.58-4.50 (m, 1H), 
4.17-4.12 (m, 1H), 3.74 (s, 3H), 3.66-3.58 (m, 3H), 2.92 (s, 1H), 2.91 (s, 1H), 1.46 (s,
1.5H), 1.43 (s, 1.5H); visible resonances corresponding to enol forms: 12.02 (s), 5.12 (s), 
5.11 (s); 13C NMR (90 MHz, CDClj) resonances corresponding to both keto and enol
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forms 8  199.7, 199.5,173.5, 173.5, 172.6,167.5, 135.3,135.0, 134.8,134.6,118.7,118.4,
118.2,109.0, 108.9, 108.3,91.8,91.6, 77.7, 77.3,69.4,69.2,69.1,52.3,52.0,51.7,51.0,
50.1, 50.0,45.4, 44.6,25.3,25.0, 24.6, 24.5.
Methyl 2-diazo-4-(2-methyl-4-vinyl-[l,31dioxolan-2-yl)-3-oxo-butanoate (261)
A solution o f  272 (125 mg, 0.55 mmol), triethylamine (0.15 mL, 1.1 mmol) and 4- 
carboxybenzenesulfonazide (150 mg, 0.66 mmol) in acetonitrile (10 mL) with stirred for 
5 h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield a 
yellow oils as a mixture o f diastereomers 261 (140 mg, 97%) as a yellow oil. 'H NMR 
(360 MHz, C D C I3 ) 8  5.82 (ddd, 1H, 7.2, 10.1, 16.9 Hz), 5.38-5.21 (m, 2H), 4.60 (m,
0.5H), 4.50 (m, 0.5H), 4.17-4.09 (m, 1H), 3.84 (s, 3H), 3.68-3.59 (m, 1H), 3.36-3.26 (m, 
2H), 1.55 (s, 1.5H), 1.51 (s, 1.5H).
Methyl 8-methyl-6-oxo-2-vinyl-2,3,5,6-tetrahydro-[l,4]dioxocine-5-carboxylate (266)
A 50 mL round-bottom flask was charged with benzene (10 mL), diazo substrate 261 
(175 mg, 0.69 mmol), and Rh2(OAc)4 (approx. 10 mg). The solution allowed to stir for 15 
h under a blanket o f  nitrogen. The solution was concentrated in vacuo. The residue was 
chromatographed on silica (7:1, hexanes/EtOAc, R/ = 0.21) to yield 266 (131 mg, 84%) 
as a colorless oil. 'H NMR (360 MHz, CDC13) 8  11.05 (s, 1H), 5.81-5.69 (m, 1H), 5.48-
5.20 (m, 3H), 4.75 (s, 1H), 3.89-3.60 (m, 5H), 2.01 (s, 3H); signals corresponding to 
minor regioisomer 273 include: 8  11.19 (s), 6.10-5.99 (m), 5.10 (s), 4.19-3.98 (m), 2.09
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(s); Resonances corresponding to both 266 and 273 and their respective enol forms l3C 
NMR (90 MHz, CDCI3) 8  196.3, 170.0, 168.4, 166.7, 164.5, 164.3, 163.2, 134.6, 132.0, 
131.2, 119.5, 119.0, 118.2, 100.1,93.6,93.3,85.1,78.6, 77.4, 75.8,74.5,69.1,68.5, 53.1,
51.8,23.8,23.7,23.5.
Methyl 3-(2-oxo-propyl)-5-vinyl-5,6-dihydro-[l,4)dioxene-2-carboxylate (276)
A 100 mL round-bottom flask was equipped with a stir bar, and fitted with a Dean-Stark 
apparatus and a reflux condenser. The flask was charged with benzene (40 mL),p-TsOH 
(approx. 10 mg), and p-elimination products 266 and 273 (100 mg, 0.44 mmol). The 
solution was heated to reflux for 3h with subsequent azeotropic removal o f water. The 
solution was allowed to cool and diluted with EtjO (20 mL). The solution was washed 
with saturated aqueous sodium bicarbonate (20 mL) and the layers were separated. The 
aqueous layer was extracted with diethyl ether (3 x 20 mL) and the combined organic 
layers were dried over anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (5:1, hexanes/EtOAc, R/= 0.21) yielded dioxene 276 ( 6 6  mg, 
72%) as a colorless oil. 'H NMR (360 MHz, CDCI3) 8  5.83 (ddd, 1H, J=  5.8, 10.7,16.5 
Hz), 5.51-5.34 (m, 2H), 4.59 (m, 1H), 4.20 (dd, 1H,.7= 3.9, 15.7 Hz ), 3.91-3.67 (m, 6 H),
2.22 (s, 3H); 13C NMR (90 MHz, CDC13) 8  203.3, 163.7, 143.9, 131.4, 126.8, 119.6,
74.9, 66.8,51.9,46.4,29.5.
Methyl 2-diazo-4-(2-methyl-[ l,3|dioxolan-2-yl)-3-oxo-butanoate (279)
A solution o f methyl acetoacetate (2.30 mL, 22.0 mmol), ethyleneglycol (1.80 mL, 33.0 
mmol) and trimethyl orthoformate (6.0 mL, 55.0 mmol) in dry benzene (50 mL) was
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charged with pTsOH-monohydrate (=75 mg) and stirred at ambient temperature under N2 
for 12 h. The mixture was diluted with diethyl ether, washed with a saturated solution of 
NaHCC>3 (50 mL), extracted with diethyl ether (3 x 40 mL), dried over anhydrous 
Na2S(>4 , and concentrated in vacuo. The residue was chromatographed on silica (5:1 
hexane/EtOAc, R /=  0.25) to yield the ketal as a clear oil (2.99 g, 85%). 'H NMR (360 
MHz, CDCI3) 8  3.86 (s, 4H), 3.58 (s, 3H), 2.56 (s, 2H), 1.38 (s, 3H); l3C NMR (90 MHz, 
CDCI3) 5 169.7, 107.4, 64.6,51.5,43.9,24.3. The methyl ester (2.48 g, 15.5 mmol) was 
treated with methanolic KOH (2 M, 25 mL) for 12 h, concentrated in vacuo and diluted 
with water (100 mL). The aqueous solution was acidified to pH 4.0 with saturated 
aqueous citric acid and extracted with EtOAc (4 x 50 mL). The combined organic 
extracts were carefully dried over anhydrous sodium sulfate and concentrated in vacuo to 
give carboxylic acid (2.15 g, 95%). The resulting acid (760 mg, 5.2 mmol) was dissolved 
in THF (20 mL). Carbonyl diimidazole (1.10 g, 6 . 8  mmol) was added in small portions. 
In a separate flask, monomethyl malonate (2.45 g, 20.8 mmol) was stirred in THF (40 
mL), treated with Bu2Mg (1.0 M in heptane, 10.4 mmol) at 0 °C, and allowed to warm to 
room temperature. The two solutions were combined and stirred for an additional 24 h, 
diluted with diethyl ether (30 mL), successively washed with aqueous ammonium 
chloride (40 mL), aqueous brine (40 mL) and saturated aqueous sodium bicarbonate (40 
mL). The layers were separated and the aqueous phase was extracted with Et2 0  (2 x 20 
mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. The residue was chromatographed on silica (3:1, hexanes/EtOAc, 
R/= 0.22) to yield (3-keto ester (798 mg, 76%) as a colorless oil. 'H NMR (360 MHz, 
CDCI3) 5 3.94 (s, 4H), 3.69 (s, 3H), 3.55 (s, 2H), 2.85 (s, 2H), 1.36 (s, 3H); Resonances
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corresponding to enol form include: 12.0 (s), 5.07 (s), 1.42 (s); 13C NMR (90 MHz, 
CDC13) keto and enol forms 8  199.9, 167.6, 108.0, 107.7,91.8,64.7,52.4, 51.7,51.1,
50.0,44.6,24.4. A solution o f the P-keto ester (736 mg, 3.6 mmol), triethylamine (1.0 
mL, 7.2 mmol) and 4-carboxybenzenesulfonazide (1.07 g, 4.7 mmol) in acetonitrile (20 
mL) was stirred at room temperature for 5 h. The reaction mixture was poured into 
saturated aqueous sodium bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 
mL). The combined organic extracts were dried over anhydrous sodium sulfate and 
concentrated in vacuo to yield 279 (781 mg, 95%) as a yellow oil. 'H NMR (360 MHz, 
CDCI3 ) 8  3.97-3.92 (m, 4H), 3.81 (s, 3H), 3.26 (s, 2H), 1.47 (s, 3H); l3C NMR (90 MHz, 
CDCI3 ) 8  188.8, 161.6, 108.3, 64.8, 52.2, 47.2,24.9.
8-Methyl 6-oxo-2,3,5,6-tetrahydro-[l,4jdioxocine-5-carboxylate (281)
A 50 mL round-bottom flask was charged with diazo substrate 279 (670 mg, 2.9 mmol), 
protected alcohol 282 (2.54 g, 12.6 mmol), and Rh2(OAc)4 (approx. 10 mg) under an 
atmostphere o f nitrogen. The mixture was allowed to stir at room temperature for 2 d. 
The mixture was then heated at 35 °C for 8  h using a constant temperature oil bath. The 
mixture was chromatographed on silica (3:1, hexanes/EtOAc, R/ = 0.20) to provide 281 
(285 mg, 49%) as a colorless oil. 'H  NMR (360 MHz, CD CI3) enol form: 8  11.0 (s, 1H), 
4.65 (s, 1H), 4.40-4.30 (m, 2H), 3.88-4.70 (m, 5H), 1.90 (s, 3H); Resonances 
corresponding to both keto and enol forms include 13C NMR (90 MHz, CD CI3) 8  196.2,
170.1, 169.2, 167.0, 164.5, 163.2, 117.9, 100.1, 92.9, 83.8, 72.0, 67.9, 65.7,65.5, 52.9,
23.3.
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l-(fcrf-Butyl-dimethyl-silanyloxy)-but-3-en-2-ol (282)
A 250 mL round-bottom flask charged with methylene chloride (100 mL), 1,2- 
dihydroxy-3-butene (2.70 g, 30.7 mmol) and imidazole (5.22 g, 76.8 mmol) was allowed 
to stir at room temperature under a blanket o f nitrogen. To this solution was added 
TBDMSC1 and the resulting solution was allowed to stir for 1 h. The mixture was 
washed with water (30 mL) and the organic phase was separated, dried over anhydrous 
sodium sulfate and concentrated in vacuo. The residue was chromatographed on silica 
(19:1, hexanes, EtOAc, R/= 0.19) to give protected diol 282 (5.27 g, 85%) as a colorless 
oil. 'H NMR (360 MHz, CDCIj) 8  5.82 (ddd, l H , /  = 5.8, 10.7, 16.8 Hz), 5.40-5.17 (m, 
2H), 4.18 (m, 1H), 3.67 (dd, 1H,.7=3.7, 10.1 Hz), 3.46 (dd, 1H ,7= 7 .3 ,9 .8  Hz), 2.57 (d, 
1H, J=  3.7 Hz), 0.91 (s, 9H), 0.09 (s, 6 H); l3C NMR (90 MHz, CDC13) 8  136.6, 116.5,
73.0, 66.9, 25.9, 18.3, -5.4.
Methyl 7-(tert-butyl-dimethyl-silanyloxy)-3-hydroxy-3-methyl-2-oxo-hept-5-enoate 
(287)
A 50 mL round bottom flask charged with benzene (15 mL), diazo compound 284 (418 
mg, 2.94 mmol), protected diol 282 (596 mg, 2.94 mmol) and Rh2(OAc)4 (approx. 10 
mg) were heated at reflux for 4 h. The solution was allowed to cool and washed with 
saturated aqueous sodium bicarbonate (20 mL). The layers were separated and the 
aqueous phase was extracted with diethyl ether ( 3 x 1 0  mL). The combined organic 
layers were dried over anhydrous sodium sulfate and concentrated in vacuo. 
Chromatography on silica (6 :1, hexanes/EtOAc, R /=  0.21) yielded 287 (402 mg, 43%) as 
a colorless oil. 'H NMR (360 MHz, CDC13) 8  5.72-5.53 (m, 2H), 4.17-4.09 (m, 2H),
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3.88 (s, 3H), 2.79-2.71 (m, 1H), 2.54-2.46 (m, 1H), 1.49 (s, 3H), 0.9 (s, 9H), 0.06 (s, 6H);
I3C NMR (90 MHz, CDC13) 8 198.2,162.5, 135.2,122.9, 78.5,63.3, 52.8,42.0,25.9,
24.5,18.4, -5.3.
Methyl 2-[l-(fer?-butyl-dimethyl-silanyloxymethyl)-allyloxy]-3-oxo-butanoate (285)
A 50 mL round-bottom flask was charged with benzene (10 mL), diazo compound 284 
(511 mg, 3.60 mmol), protected diol 282 (947 mg, 4.68 mmol) and Rh2(OAc)4  (approx.
10 mg) and allowed to stir at room temperature under a blanket o f nitrogen for 18 h. The 
solution was diluted with diethyl ether (10 mL) and washed with saturated aqueous 
sodium bicarbonate (20 mL). The layers were separated and the aqueous phase was 
extracted with diethyl ether ( 3 x 1 0  mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. Chromatography on silica (17:1, 
hexanes/EtOAc, R /=  0.20) yielded a 1:1 mixture o f diastereomers 285 (690 mg, 61%) as 
a colorless oil. 'H NMR (360 MHz, CDC13) 8  5.80-5.65 (m, 1H), 5.37-5.24 (m, 2H),
4.54 (s, 0.5H), 4.53 (s, 0.5H), 3.94-3.86 (m, 1H), 3.82-3.62 (m, 5H), 2.31 (s, 1.5H), 2.25 
(s, 1.5H), 0.86 (s, 9H), 0.05 (s, 6 H); 13C NMR (90 MHz, CDC13) 8  203.2, 202.5, 167.8,
134.3, 134.1, 120.4, 119.5, 84.0, 83.4, 82.9, 82.4,66.1,65.8, 52.5, 25.8, 18.3, -5.4.
Methyl 2-acetyl-2,6-dihydroxy-hex-4-enoate (290)
A 50 mL round-bottom flask charged with THF (10 mL), 285 (676 mg, 2.15 mmol) and 
TBAF (1 M in THF, 2.73 mmol) was stirred at room temperature for 1 h. The solution 
was diluted with EtOAc (20 mL), then washed with water (20 mL) and aqueous 
ammonium chloride (20 mL). The layers were separated and the aqueous phase was
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extracted with EtOAc (5 x 25 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. Chromatography on silica (100% 
EtOAc, R /=  0.35) yielded 290 (252 mg, 58%) as a clear oil. 'H NMR (360 MHz, CDC13) 
8  5.76 (m, 1H), 5.58 (m, 1H), 4.05 (d, 2H,J =  5.5 Hz), 3.77 (s, 3H), 2.83 (m, 1H), 2.66 
(m, 1H), 2.26 (s, 3H); l3C NMR (90 MHz, CDC13) 5 204.2,170.8,134.6, 124.0, 83.8,
63.0, 53.4, 38.1,24.9.
Methyl 3-Hydroxy-3-methyl-6-vinyl-[l,4]dioxane-2-carboxylate (291)
A 100 mL round-bottom flask charged with 285 (2.21 g, 7.0 mmol), HOAc (13 mL), 
water (7 mL) and THF (3 mL) was allowed to stir at room temperature for 1 h. The 
solution was diluted with diethyl ether (10 mL) and transferred to a 500 mL Erlenmeyer 
flask. Saturated aqueous sodium bicarbonate was added slowly and the mixture was 
allowed to stir until bubbling had stopped. The mixture was transferred to a separatory 
funnel and the layers were separated. The aqueous phase was extracted with EtOAc (3 x 
25 mL) and the combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. Chromatography on silica (1.5:1, hexanes/EtOAc, R /= 0.19) 
yielded 291 (1.41 g, 61 %) as a mixture o f stereoisomers. 'H NMR (360 MHz, CDCI3) 8  
5.82 (ddd, 1H,7 = 6 .1 , 10.7, 16.8 Hz), 5.46-5.28 (m, 2H), 4.27-4.15 (m, 1H), 3.91-3.78 
(m, 5H), 3.65 (s, 1H), 3.57 (dd, 1H,7 = 3.1, 11.9 Hz), 1.48 (s, 3H); 13C NMR (90 MHz, 
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A 100 mL round bottom flask was equipped with a stir bar and a Dean-Stark apparatus 
fitted with a reflux condenser. The flask was charged with benzene (50 mL), p-TsOH 
(approx. 20 mg) and compound 291 (825 mg, 4.1 mmol). The solution was heated to 
reflux for 3 h with subsequent azeotropic removal o f water. The solution was allowed to 
cool and diluted with Et20  (20 mL). The solution was washed with saturated aqueous 
sodium bicarbonate and the layers were separated. The aqueous layer was extracted with 
diethyl ether (3 x 20 mL) and the combined organic layers were dried over anhydrous 
sodium sulfate and concentrated in vacuo. Chromatography on silica (5:1, 
hexanes/EtOAc, R/= 0.25) yielded dioxene 283 (695 mg, 92%) as a colorless oil. 'H 
NMR (400 MHz, CDC13) 5 5.86 (ddd, 1H, J  = 6.0, 10.8, 17.2 Hz), 5.50-5.33 (m, 2H),
4.38 (m, 1H), 4.16 (dd, 1H,.7=2.0, 10.8 Hz), 3.83 (dd, 1H,.7=7.2, 10.8 Hz), 3.79 (s, 
3H), 2.24 (s,3H); 13C N M R (90 MHz, CDC13)5  164.3, 147.1, 132.1, 124.3, 119.4, 72.4,
68.1,51.7, 17.5.
Methyl 3-(2-Oxo-propyl)-6-vinyl-5,6-dihydro-[l,4|dioxine-2-carboxylate (277)
A 10 mL round-bottom flask charged with diisopopylamine (0.070 mL, 0.52 mmol) 
under a blanket of nitrogen was brought to 0 °C. A solution o f n-BuLi (2.5 M in hexanes, 
0.48 mmol) was added slowly. The mixture was allowed to warm to room temperature 
and stirred until a thick viscous oil resulted. Tetrahydrofuran (2 mL) was added and the 
solution was brought to -78 °C. A solution of dioxene 283 (73 mg, 0.40 mmol) in THF 
(1 mL) was added and the resulting dark orange solution was allowed to stir for 0.5 h. 
Acetyl chloride (0.035 mL, 0.48 mmol) was added and the solution was allowed to stir 
for an additional 0.5 h, then quenched with aqueous ammonium chloride (5 mL). The
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mixture was allowed to warm to room temperature, diluted with diethyl ether (20 mL) 
and transferred to a separatory funnel. The mixture was washed with water (20 mL) and 
the layers were separated. The aqueous phase was extracted with Et2<D ( 3 x 1 0  mL) and 
the combined organic layers were dried over anhydrous sodium sulfate and concentrated 
in vacuo. Chromatography on silica (5:1, hexanes/EtOAc, R /=  0.18) yielded 211 (17 mg, 
19%) as a colorless oil. *H NMR (400 MHz, CDC13) 8  5.88 (ddd, 1H,7= 6 .0 ,10 .8 , 17.2 
Hz), 5.50-5.37 (m, 2H), 4.45 (m, 1H), 4.20 (dd, 1H, J =  2.4, 10.8 Hz), 3.91-3.68 (m, 6 H),
2 . 2 2  (s, 3H).
E. Synthesis and reactivity of a-diazo ketone substrates
General Procedure A: General procedure for the conversion o f ketal esters to
alpha-diazoketones:
A solution o f ketal and methanolic KOH (2 M, 20 mL) was stirred at ambient 
temperature for 8  hours. The solution was concentrated in vacuo, and the residue was 
dissolved in D.I. H2O (100 mL). This solution was acidified to pH 4.0 with saturated 
citric acid, extracted with EtOAc (3 x 50 mL). The combined organic extracts were 
carefully dried over anhydrous Na2S0 4 , concentrated in vacuo, and dissolved in benzene 
(15 mL). To this solution was added oxalyl chloride (1.5 equiv.) and the resulting 
solution was allowed to stir at ambient temperature under a blanket o f  N2 for 4 hours.
The solution was concentrated in vacuo and dissolved in Et2 0  (10 mL). Diazomethane (2 
equiv.) in Et2 0  was distilled into this solution over a period o f 45 minutes and the 
resulting solution was allowed to stir for an additional three hours to allow the excess 
diazomethane to evaporate. The solution was washed successively with H2O (20 mL),
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NaHCC>3 (20 mL) and brine (20 mL) and the combined aqueous washing were extracted 
with Et2 0  (3 x 30 mL). The combined organic layers were dried over anhydrous Na2SC>4 
and concentrated in vacuo. Chromatography on silica yielded the desired alpha- 
diazoketone.
General Procedure B. General procedure for Rli2(OAc) 4  catalyzed diazo 
decomposition:
To a stirred solution o f diazoketone in 10 mL CH2CI2 under an atmosphere o f N2 was 
added -10  mg Rh2(OAc)4. This solution was allowed to stir at ambient temperature for 1 
hour. Following the disappearance of starting material (monitored by TLC), the solution 
was concentrated in vacuo and chromatographed on silica.
General Procedure C. General procedure for Cu(hfacac)2  catalyzed diazo 
decomposition:
To a stirred solution o f  diazoketone in 10 mL CH2CI2 under an atmosphere o f N2 was 
added -10  mg Cu(hfacac)2 at ambient temperature. The solution was heated to reflux and 
monitored by TLC analysis until starting material was no longer visible (-2-5 hours).
The solution was allowed to cool, then washed with saturated NaHCOj (10 mL) and the 
organic layer was separated. The aqueous layer was extracted with Et2 0  (3x20 mL) and 
the combined organic layers were dried over anhydrous Na2S0 4 , concentrated in vacuo 
and chromatographed on silica.
Methyl (±)-(2-methyl-4S,5S-diphenyl-[ 1,3|dioxolan-2-yl)-acetate (296)
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A solution o f methyl acetoacetate 268 (580 mg, 4.99 mmol), d, I-1,2-diphenyl-1,2-ethane 
diol (1.074 g, 5.02 mmol) and trimethyl orthoformate (1.10 mL, 9.99 mmol) in dry 
benzene (25 mL) was charged with pTsOH-monohydrate (=30 mg) and stirred at ambient 
temperature under N 2 for 3 h. The mixture was diluted with diethyl ether, washed with 
saturated NaHCC>3 solution, and the layers were separated. The aqueous phase was 
extracted with diethyl ether (3 x 25 mL). The combined organic layers were dried over 
anhydrous Na2S 04, and concentrated in vacuo. The residue was chromatographed on 
silica (15:1, hexane/EtOAc; R /=  0.22) to yield 296 as a clear oil (1.177 g, 75%). 1H 
NMR (360 MHz, CDC13) 8  7.30-7.19 (m, 10H), 4.82-4.75 (m, 2H), 3.75 (s, 3H), 2.95 (s, 
2H), 1.75 (s, 3H); 13C NMR (90 MHz, CDC13) 8  170.0, 136.5, 136.1, 128.6, 127.0, 126.9,
108.4, 86.1, 85.8, 52.0, 45.4, 26.4; IR (film) 3065.2, 2988.8,2952.3, 1740.3, 1247.2.
(±)-l -Diazo-3-(2-methyl-4S, 5S-diphenyl-[ 1,3|dioxolan-2-yl)-propan-2-one (299) 
General Procedure A performed on 296: Chromatography on silica (4:1, 
hexanes/EtOAc; R/ = 0.19) yielded diazoketone 299 (472 mg, 51%) as a bright yellow 
oil. 'H NMR (360 MHz, CDC13) 8  7.33-7.09 (m, 10H), 5.58 (s, 1H), 4.77 (s, 2H), 2.94 
(s, 2H), 1.73 (s, 3H); l3C NMR (90 MHz, CDC13) 8  190.9, 136.4, 135.9, 128.7, 128.7,
127.0, 126.8, 108.7, 85.9, 85.5, 56.4, 52.0,26.1; IR (film) 3050,2990, 2870, 2100, 1710 
cm '1.
(±)-IR, 3S, 4R, 5R-l-Methyl-3,4-diphenyl-2,8-dioxa-bicyclo[3.2.1]octan-6-one 
(302) and (±)-lR, 3R, 4S, 5R-1-Methyl-3,4-diphenyl-2,8-dioxa-bicyclo[3.2.1 )octan-6- 
one(303)
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General Procedure C performed on 299: Chromatography on silica (14:1, 
hexanes/EtOAc; R/= 0.19) yielded 302 (53.3 mg, 43%) as a white solid (mp = 117.7 —
118.8 °C). 'H  NMR (360 MHz, CDClj) 6  7.22-6.98 (m, 10H), 4.95 (d, 2H, J  = 9.5 Hz), 
4.47 (d, 1H ,7=  1.2 Hz), 3.19 (dd, l H , / =  1.4, 9.5 Hz), 2.72-2.52 (m, 2H), 1.77 (s, 3H); 
13C NMR (90 MHz, CDClj) 8  214.7, 140.0, 138.7, 128.8, 128.3, 128.2, 128.2, 127.6,
127.4, 107.3, 83.2, 77.9, 56.7,49.1, 23.5; IR (film) 3010, 2900, 1790 c m 1; HRMS (Cl, 
NHj) [M+H]+ calcd for C,9Hi9 0 3 295.1334, found 295.1334. Also isolated was 303, 
(14:1, hexanes/EtOAc; R^= 0.18) yielded 303 (12.3 mg, 10%) as a white solid (mp =
108.2 -  110.0 °C). 'H NMR (360 MHz, CDCI3) 8  7.19-7.00 (m, 10H), 5.11 (d, 2H, J =
11.9 Hz), 4.32 (d, 1H, J  = 3.7 Hz), 3.46 (dd, 1H, J = 11.6, 3.7 Hz), 2.90-2.67 (m, 2H), 
1.76 (s, 3H); ,3C NMR (90 MHz, CDC13)S211.6, 138.8, 134.8, 128.9, 128.7, 128.5,
128.4, 127.9, 127.5, 105.0, 82.2, 77.6, 52.9,46.4, 25.2; IR (film) 3010,2900, 1790 cm’1.
General Procedure B performed on 299: Chromatography on silica (10:1, 
hexanes/EtOAc; R^= 0.20) yielded 302 as a white solid (38 mg, 30%).
Methyl (±)—3-(2-Methyl-4S,5S-diphenyl-(l,3]dioxolan-2-yl)-propionate (305)
A solution o f  methyl levulinate 304 (663 mg, 5.1 mmol), d.l-1,2-diphenyl-1,2-ethane diol 
(1.064 g, 5.0 mmol) and trimethyl orthoformate (1.10 mL, 9.99 mmol) in dry benzene (25 
mL) was charged with pTsOH-monohydrate (=30 mg) and stirred at ambient temperature 
under N2 for 4 h. The mixture was diluted with diethyl ether, washed with saturated 
NaHC03 solution, and the layers were separated. The aqueous layer was extracted with
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diethyl ether (3 x 25 mL) and the combined organic layers were dried over anhydrous 
Na2SC>4 , and concentrated in vacuo. The residue was chromatographed on silica (18:1, 
hexane/EtOAc; Rf=  0.22) to yield 305 as a clear oil (1.336 g, 82%).
'H NMR (360 MHz, CDC13) 8  7.33-7.18 (m, 10H), 4.75 (m, 2H), 3.68 (s, 3H), 2.73-2.61 
(m, 2H), 2.37-2.23 (m, 2H), 1.65 (s, 3H); 13C NMR (90 MHz, CDC13) 8  174.1, 137.0,
136.3, 128.7,128.5, 127.0,126.8, 110.0,86.2, 85.3,51.9,35.4,29.2,25.7; IR (film) 
3200, 3000, 1750 c m 1.
(±)-l-Diazo-4-(2-methyl-4S,5S-diphenyl-[lT3]dioxolan-2-yl)-butan-2-one (308) 
General Procedure A performed on 305: Chromatography on silica (4:1, 
hexanes/EtOAc; R /=  0.21) yielded diazoketone 308 (800 mg, 63%) as a bright yellow 
oil. 'H  NMR (360 MHz, CDC13) 8  7.33-7.19 (m, 10H), 5.29 (br s, 1H), 4.79-4.68 (m, 
2H), 2.75-2.55 (m, 2H), 2.31-2.25 (m, 2H), 1.63 (s, 3H); l3C NMR (90 MHz, CDC13) 8
194.4, 136.9, 136.2, 128.6, 128.5, 127.5, 126.8, 126.8, 110.1, 86.1, 85.3, 54.7, 35.7, 35.2, 
25.6; IR (film) 3093, 3061, 2998, 2951,2105, 1712 cm '1.
(±)-lR, 3S, 4R, 5R-l-Methyl-3,4-diphenyl-2,9-dioxa-bicyclo[3.3.1)nonan-6-one (310), 
General Procedure C performed on 308: Chromatography on silica (14:1, 
hexanes/ethylacetate; R^= 0.17) yielded 310 (169 mg, 52%) as a white solid (mp 83.2 -
84.4 °C). 'H NMR (360 MHz, CDC13) 8  7.24-7.09 (m, 10H), 4.78 (d, 1H, J  = 9.5 Hz), 
4.42 (s, 1H), 3.63 (d, 1H, .7 = 9.5 Hz), 2.81-2.66 (m, 2H), 2.43-2.24 (m, 2H), 1.62 (s, 3H); 
l3C NMR (90 MHz, CDC13) 8  211.8,140.7, 139.2, 128.8, 128.5, 128.2,128.0,127.4,
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127.2, 100.8,81.9, 76.9,56.6, 35.4,33.7,22.8,; IR (film) 3072,3035,2995, 1723, 1501, 
1283 cm '1; HRMS (Cl, NH3) [M+H]+ calcd for C2oH2 I0 3  309.1491, found 309.1502.
General Procedure B Performed on 308: Chromatography on silica (14:1, 
hexanes/ethylacetate; R /= 0.17) yielded 310 (56 mg, 41%) as a white solid.
Methyl (±)-(2-methyl-4S,5S-divinyl-[l,3jdioxolan-2-yl)-acetate (312)
A solution o f methyl acetoacetate 268 (2.71 g, 23.3 mmol), l,5-hexadiene-3,4-dioI 311 
(2.044 g, 17.9 mmol, -1:1 mixture o f  meso:d/[), and trimethyl orthoformate (2.9 mL,
26.9 mmol) in dry benzene (30 mL) was charged with p-TsOH (-30 mg) and stirred for 4 
h. The mixture was diluted with Et20  and washed with saturated N aH C 03. The aqueous 
layer was back extracted with Et20  (3x20 mL). The combined organic phases were dried 
over anhydrous Na2SC>4 , and concentrated in vacuo. Chromatography on silica (10:1, 
hexanes/EtOAc; R /=  0.22) to yield a mixture of diastereomers (3.213 g, 85%, -1:1 
mixture o f  trans.cis (the ratio o f  the two cis isomers was variable)). Further 
chromatography on silica (20:1 hexanes/EtOAc, R/= 0.18) provided the desired trans 
isomer 312 (1.371 g, 36%) as a clear oil. 'H NMR (360 MHz, CDC13) 8  5.86-5.75 (m, 
2H), 5.39-5.25 (m, 4H), 4.14-4.11 (m, 2H), 3.70 (s, 3H), 2.76 (s, 2H), 1.57 (s, 3H), I3C 
NMR (90 MHz, CDC13) 8  169.6, 133.7, 133.5, 119.1, 118.9, 108.1,82.7, 82.4,51.6,45.1, 
25.9; IR (film) 3000-2800, 1775, 1725.
(±)-l-Diazo-3-(2-methyl-4S,5S-divinyl-[l,3Jdioxolan-2-yl)-propan-2-one (315)
General Procedure A performed on 312: Chromatography on silica (4:1, 
hexanes/EtOAc; R/= 0.23) yielded diazoketone 315 (497 mg, 70%) as a bright yellow
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oil. 'H NMR (360 MHz, CDC13) 8  5.86-5.75 (m, 2H), 5.53 (br s, 1H), 5.41-5.27 (ra, 4H),
4.15-4.07 (m, 2H), 2.72 (br s, 2H), 1.50 (s, 3H); 13C NMR (90 MHz, CDCI3 ) 8  190.9,
133.7, 133.3, 119.6, 119.5, 108.6, 82.8, 82.4, 56.1, 51.9,25.9.
(±)-lR, 3S, 4R, 5R-l-Methyl-3,4-divinyl-2,8-dioxa-bicyclo[3.2.1joctan-6-one (318) 
and 2RS-(4S-Hydroxy-hexa-2(Z),5-dienyl)-5-methyl-furan-3-one (321) and 8 - 
Methyl methyl-6-oxo-2,3-divinyl-2,3,5,6-tetrahydro-[l,4|dioxocine-5-carboxylate 
(324)
General Procedure B performed on 315: Chromatography on silica (15:1, 
hexanes/EtOAc; R/-= 0.18) yielded 318 (42 mg, 29%) as a clear oil. 'H NMR (360 MHz, 
CDCI3) 8  5.87 (ddd, 1H,7 = 8.9, 10.4, 17.1 Hz), 5.72 (ddd, 1H, 7 = 6 .4 , 10.4, 16.8 Hz), 
5.25-5.13 (m, 4H), 4.22 (dd, 1H ,7= 6.7, 7.6 Hz), 4.11 (s, 1H), 2.55-2.38 (m, 3H), 1.66 
(s,3H); l3C NMR (90 MHz, CDC13) 8214.7, 135.8, 135.6, 118.1,117.6, 106.5,81.2,
73.8, 51.7, 48.9, 23.7; IR (film) 3054, 2981, 1762 c m 1; HRMS (El) Calcd for C ,,H I40 3  
194.0943 found 194.0941. Also isolated was 324: Chromaography on silica (4:1, 
hexanes/EtOAc, R/ = 0.20) yielded 324 (38 mg, 26%) as a colorless oil. 'H NMR (360 
MHz, CDCI3) 8  5.91-5.75 (m, 2H), 5.45-5.32 (m, 4H), 5.18 (s, 1H), 4.41 (m, 1H), 4.32 
(d, 1H ,7=  18.1 Hz), 4.17 (d, 1H ,7=  18.2 Hz), 2.04 (s, 3H); ,3C N M R (90 MHz, CDCI3)
8200.6, 168.3, 132.8, 131.6, 121.5, 119.6, 104.2, 82.8,81.9, 70.7, 23.1. Also isolated 
was 321 Chromatography on silica (1:1, hexanes/EtOAc; R^= 0.21) yielded 321 (83 mg, 
53%) as a 1:1 mixture o f diastereomers as pale yellow oil. !H NMR (360 MHz, CDCI3) 8  
5.94-5.85 (m, 1H), 5.63-5.44 (m, 2H), 5.46 (s, 1H), 5.31-5.12 (m, 2H), 4.95-4.90 (m,
1H), 4.55-4.48 (m, 1H), 2.83-2.54 (m, 2H), 2.24 (s, 3H), 2.08 (br s, 1H); ,3C NMR (90
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MHz, CDCI3) 8  204.9,204.6,191.2, 190.8,139.3,139.2, 135.5,134.9,124.3,124.0,
115.2, 115.0, 105.0, 104.7, 85.7, 85.2,68.7,68.3,29.4,28.9,17.0; IR (film) 3601-3120, 
2806, 1683, 1594; HRMS (Cl, NH3) [M+H*] calcd fo rC ,, H l5 0 3  195.0943, found 
195.0979.
(±)-lR, 3S, 4R, 5R-l-Methyl-3,4-divinyl-2,8-dioxa-bicyclo[3.2.1]octan-6-one (318) 
and (323)
General Procedure C performed on 315: Chromatography on silica (5:1, hexanes/Et2 0 ; 
R/= 0.19) yielded 318 and 323 (46.5 mg, 32%) as a mixture o f isomers (-12:1). Major: 
‘H NMR (360 MHz, CDCI3) 8  5.87 (ddd, 1H ,7= 8.9, 10.4, 17.1 Hz), 5.72 (ddd, IH , J  =
6.4, 10.4, 16.8 Hz), 5.25-5.13 (m, 4H), 4.22 (m, IH), 4.11 (s, 1H), 2.55-2.38 (m, 3H),
1.66 (s, 3H); Visible signals corresponding to minor epimer 323: 5.69-5.40 (m, 2H), 4.69-
4.65 (m, IH), 3.27-3.19 (m, IH), 2.72-2.59 (m, 2H).
(±)-l-Diazo-3-(2s-methyl-4S,5S-divinyl-|M |dioxolan-2-yl)-propan-2-one (329) and 
(±)-l-Diazo-3-(2r-methyl-4S,5S-divinyl-(lv31dioxolan-2-yl)-propan-2-one (330)
General Procedure A performed on 315: Chromatography on silica (6:1, 
hexanes/EtOAc; R^= 0.18,0.17) yielded diazoketone meso isomers 329 (259 mg, 38%) 
and 330 (97 mg, 14%). Characterization data for 329: 'H  NMR (360 MHz, CDC13) 8  
5.80-5.70 (m, 2H), 5.51 (s, IH), 5.35-5.25 (m, 4H), 4.68-4.61 (m, 2H), 2.69 (s, 2H), 1.59 
(s,3H); l3C NMR (90 MHz, CDC13) 8  191.2, 133.9, 119.0, 108.1,80.5, 56.0, 50.9, 26.7. 
Characterization data for 330: 'H NMR (360 MHz, CDCI3) 8  5.78-5.68 (m, 2H), 5.55 (s,
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IH), 5.35-5.24 (m, 4H), 4.68-4.65 (m, 2H), 2.78 (s, 2H), 1.47 (s, 3H); l3C NMR (90
MHz, CDC13)8  190.9, 133.8, 118.8, 108.1,79.9, 56.2,53.1,24.1.
(±)-lR, 3R, 4R, 5R-1-Methyl -3,4-divinyl-2,8-dioxa-bicyclo(3.2.1]octan-6-one (334) 
and (±)-lR, 3R, 4S, 5R-1-Methyl -3,4-divinyl-2,8-dioxa-bicyclo[3.2.1]octan-6-one 
(320)
General Procedure C Performed on 329: Chromatography on silica (5:1, hexanes Et30 ; 
Rf -  0.20) yielded 334 and 320 (22.6 mg, 45%) as an inseparable mixture o f isomers 
(-1.5:1); Major isomer (334): 'H  NMR (360 MHz, CDC13) 8  6.19-6.09 (m, IH), 5.65 
(ddd, IH, J=  5.8, 10.4, 16.8 Hz), 5.30-5.14 (m, 4H), 4.49 (m, IH), 4.17 (s, IH), 2.72- 
2.54 (m, 2H), 2.35 (m, IH), 1.67 (s, 3H); I3C NMR (90 MHz, CDC13) 8213.8, 135.6,
133.3, 119.0, 117.1, 105.1, 83.2, 73.3, 46.6,46.4, 24.9. Minor isomer (320): 'H NMR 
(360 MHz, CDC13) 8  5.75 (ddd, l H , / =  6.1, 10.4, 16.8 Hz), 5.46 (ddd, 1H ,J=  8.9, 11.0,
16.8 Hz), 5.30-5.14 (m, 4H), 4.14 (d, 1H ,7 = 3.7 Hz), 4.09-4.05 (m, IH), 2.65-2.54 (m, 
2H), 1.66 (s,3H); ,3C NMR (90 MHz, CDC13) 8  212.3, 131.3, 128.5, 120.9, 118.4, 104.6,
81.4, 75.3,48.5.
(±)-lR, 3R, 4R, 5R-1-Methyl -3,4-divinyl-2,8-dioxa-bicyclo|3.2.1|octan-6-one (334) 
and (±)-lR , 3R, 4S, 5R-1-Methyl -3,4-divinyl-2,8-dioxa-bicyclo[3.2.1|octan-6-one 
(320)
General Procedure B Performed on 329: Chromatograph on silica (11:1 
hexanes/EtOAc, R /= 0.21) yielded 334 and 320 as an inseparable mixture o f isomers 
(-1.5:1) (38 mg, 72%).
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Methyl (±)-3-(2-methyl-4S,5S-divinyl-[ 1,31 dioxolan-2-yl)-propionate (335)
A solution o f methyl levulinate (2.38 g, 18.2 mmol), l,5-hexadiene-3,4-diol (2.28 g, 20 
mmol, -1:1 mixture o f  meso:d/l), and trimethyl orthoformate (2.40 mL, 22 mmol) in dry 
benzene (30 mL) was charged with p-TsOH (-30  mg) and stirred for 4 h. The mixture 
was diluted with Et2 0  and washed with saturated NaHCC^. The aqueous layer was 
extracted with Et2 0  (3x20 mL), and the combined organic phases were dried over 
anhydrous Na2S0 4 , and concentrated in vacuo. Chromatography on silica (10:1, 
hexanes/EtOAc; R /=  0.22) to yield a mixture o f  diastereomers (3.72 g, 90%, -1:1 
mixture o f trans. cis (the ratio of the two cis isomers was variable)). Further 
chromatography on silica (20:1, hexanes/EtOAc; R /=  0.18) provided the desired trans 
isomer 335 (1.65g, 40%) as a clear oil. 'H NMR (360 MHz, CDCI3) 8  5.85-5.74 (m, 2H), 
5.38-5.23 (m, 4H), 4.15-4.01 (m, 2H), 3.67 (s, 3H), 2.53-2.39 (m, 2H) 2.17-2.01 (m, 2H) 
1.41 (s, 3H), l3CN M R (90 MHz, CDC13) 8  174.2, 134.5, 133.5, 119.3, 119.1, 110.0,
83.2, 82.4, 51.8, 35.1, 29.0, 25.7; IR (film) 3050-2850, 1750, 1450, 1350.
(±)-l -Diazo-4-(2-methyl-4S,5S-divinyl-[ 1,3 ]dioxolan-2 -yl)-butan-2 -one (338)
General Procecure A performed on 335: Chromatography on silica (6:1, 
hexanes/EtOAc; R /=  0.18) yielded diazoketone 338 (636 mg, 77%). 'H NMR (360 
MHz, CDCI3) 8  5.85-5.74 (m, 2H), 5.39-5.24 (m, 5H), 4.15-3.99 (m, 2H), 2.47 (br s, 2H), 
2.10-2.03 (m, 2H), 1.41 (s, 3H); ,3C NMR (90 MHz, CDC13) 8  194.5, 134.4, 133.5,
119.2, 119.1, 110.0, 83.1,82.3,54.5,35.5, 34.9, 25.6; IR (film) 2100, 1800, 1750, 1650.
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(±)-IR, 3S, 4R, 5R-l-Methyl-3,4-divinyl-2,9-dioxa-bicyclo[3.3.11nonan-6-one (339) 
General Procedure B Performed on 338: Chromatography on silica (5:1, hexanes/EtiO; 
R /= 0.20) yielded 339 (21 mg, 22%) as a clear oil. 'H NMR (360 MHz, CDC13) 5 5.95- 
5.84 (m, IH), 5.77 (ddd, 1 H ,J=  6.1,10.4, 16.8 Hz), 5.27-5.13 (m, 4H), 4.04 (s, IH),
4.02 (m, IH), 2.85 (m, IH), 2.63-2.57 (m, 2H), 2.26 (ddd, IH, J =  5.8, 8 .8 , 13.4 Hz), 2.14 
(ddd, IH ,7 = 5 .5 , 8.9,13.8 Hz), 1.48 (s, 3H); I3C N M R (90 MHz, CDC13)8211.6 , 136.0,
135.4, 117.9, 117.0, 100.1, 80.0, 72.5, 53.1, 34.9, 33.5, 22.7; HRMS (Cl, C H 4 ) [M+FT] 
calcd for Ci2H n 0 3 209.1178, found 209.1176.
(±)-lR, 3S, 4R, 5R-l-Methyl-3,4-divinyl-2,9-dioxa-bicyclo[3.3.1|nonan-6-one (339) 
and (±)-lR, 3S, 4S, 5R-l-MethyI-3,4-divinyl-2,9-dioxa-bicyclo[3.3.1|nonan-6-one 
(340)
General Procedure C Performed on 338: Chromatography on silica (6:1, hexanes/Et2 0 ; 
R /= 0.19) yielded an inseparable mixture o f  isomers 339 and 340 (-11:1). Major isomer: 
'H NMR (360 MHz, CDCI3) 8  5.95-5.84 (m, IH), 5.77 (ddd, 1H,7 = 6.1, 10.4, 16.8 Hz), 
5.27-5.13 (m, 4H), 4.04 (s, IH), 4.04-4.00 (m, IH), 2.87-2.82 (m, IH), 2.63-2.57 (m,
2H), 2.26 (ddd, IH ,7  = 5.8, 8 .8 , 13.4 Hz), 2.14 (ddd, IH, J=  5.5, 8.9, 13.8 Hz), 1.48 (s, 
3H); 13C NMR (90 MHz, CDC13) 8  211.6 , 136.0, 135.4, 117.9, 117.0, 100.1,80.0, 72.5,
53.1, 34.9, 33.5, 22.7.; IR (film) 2958, 1927, 1709, 1364. Visible signals corresponding 
to minor isomer##: 'H NMR (360 MHz, CDC13) 8  5.72-5.51 (m, 2H), 5.27-5.13 (m, 4H),
4.71-4.68 (m, IH), 4.35-4.31 (m, IH), 3.14-3.07 (m, IH); ,3C NMR (90 MHz, CDC13) 8
207.4, 135.0, 132.1,119.7, 116.2, 99.2, 78.7, 70.0,49.6, 35.2, 34.3, 23.6.
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(±)-4S, 5R-l-Diazo-4RS-(2-methyl-4,5-divinyl-[ l,3]dioxolan-2-yl)-butan-2-one (344)
General Procedure A Performed on 341: Chromatography on silica (3:1, 
hexanes/EtOAc; R /=  0.22) yielded 344 (718 mg, 84%) as an inseparable mixture o f  
isomers (-2:1). *H NMR (360 MHz, CDClj) 8  5.57-5.66 (m, 6 H), 5.33-5.21 (m, 12H),
4.68-4.59 (m, 6 H), 2.60-2.38 (m, 6 H), 2.13-2.00 (m, 6 H), 1.47 (s, 3H) 1.38 (s, 6 H); 13C 
NMR (90 MHz, CDCI3) 8  194.6, 134.3, 134.2, 118.5, 118.3, 109.9, 109.4, 80.2, 79.6,
54.6,36.3, 35.4, 34.7, 33.6,25.8, 23.8.
(±)-lR, 3S, 4S, 5R-l-Methyl-3,4-divinyl-2,9-dioxa-bicyclo[3.3.1]nonan-6-one (340) 
and (±)-lR, 3S, 4S, 5R-l-Methyl-3,4-divinyl-2,9-dioxa-bicyclo(3.3.1)nonan-6-one 
(339)
General Procedure C Performed on 344: Chromatography on silica (5:1, hexanes/Et2 0 ; 
R /= 0.20) yielded 340 and 339 (270 mg, 52%) as an inseparable mixture o f  isomers. 
Major isomer 340: 'H NMR (360 MHz, CDC13) 8  5.75-5.52 (m, 2H), 5.31-5.02 (m, 4H),
4.70 (m, IH), 4.33 (d, IH, J=  10.7 Hz), 3.10 (m, 1H),2.71 (m, 1H),2.48 (m, 1H),2.25-
2.04 (m, 2H), 1.47 (s, 3H); Evidence for 339 was provided through direct spectral 
comparison to purified 399. Signals were observed at 4.02 (m, IH); l3C NMR (90 MHz, 
CDC13) 8  207.5, 135.0, 132.2, 119.8, 116.3,99.2, 78.8, 70.1,49.7, 35.2, 33.5, 23.6. 
Visible resonances corresponding to isomeric structures appear in the 'H NMR and l3C 
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Trimethylsilyltrifluoromethanesulfonate (0.05 mL) was added to a solution o f bicyclic 
ketal 354 (77.2 mg, 0.18 mmol) in CH2CI2 (10 mL) that was maintained at 0 °C under a 
blanket o f  nitrogen. The solution was allowed to stir for 2 h. Pyridine (0.05 mL) was 
added and the solution was washed with a saturated aqueous solution o f sodium 
bicarbonate (20 mL). The layers were separated and the aqueous phase was extracted 
with diethyl ether (3 x 20 mL). The combined organic layers were dried over anhydrous 
sodium sulfate and concentrated in vacuo. Chromatography on silica (8 :1, 
hexanes/EtOAc, R/•= 0.21) yielded 355 (62 mg, 85%) as a thick viscous oil. 'H NMR 
(360 MHz, CDCI3) 8  7.40-7.23 (m, 1 OH), 6.43 (d, 1H, J = 11.0 Hz), 5.89 (m, 1H), 5.50 
(m, IH), 5.37-5.25 (m, 2H), 4.66-4.62 (m, 2H), 4.15 (d, IH, J=  11.0 Hz), 3.71-3.57 (m, 
2H); I3C NMR (90 MHz, CDClj) 5 196.7, 186.1, 166.4, 165.4, 135.6, 131.1, 130.4,
129.4, 128.8 (2), 128.7 (2), 126.5, 119.4, 105.9, 92.0, 80.0,66.5, 56.6, 36.4.
2-Methyl-8,9-diphenyl-l,7-dioxa-spiro[4.4]non-2-ene-4,6-dione (401)
To a solution o f bicyclic ketal 354 (424 mg, 1.0 mmol) and morpholine (0.35 mL, 4 
mmol) in THF (25 mL) maintained under an atmosphere o f nitrogen was added 
Pd(PPh3 )4 (25 mg, 0.02 mmol). The solution was allowed to stir at room temperature for 
3 h and concentrated in vacuo. The solution was diluted with water (30 mL) and diethyl 
ether (30 mL). The pH was adjusted to 4.0 with a saturated aqueous solution o f citric 
acid. The layers were separated and the aqueous phase was extracted with diethyl ether 
(3 x 30 mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. Chromatography on silica (8:1, hexanes, EtOAc, R /= 0.22) 
yielded 401 (269 mg, 84%) as a white solid (mp 84.3 - 85.6 0 °C). 'H NMR (360 MHz,
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CDC13) 8  7.40-7.25 (m, 10H), 6.43 (d, 1 H, J = 1 1.0 Hz), 5.22 (s, 1H), 4.11 (d, 1H, J =  11
Hz), 2.27 (s, 3H); ,3C NMR (90 MHz, CDC13) 8  197.0, 192.0, 166.9, 135.6,130.6, 129.3,
128.8, 128.7 (2), 128.6, 126.4, 104.2,92.0, 79.9, 56.8, 16.7.
Ethyl (2-phenyl-4,7-dihydro-[l,3)dioxepin-2-yl)-acetate (381)
Trifmethylsilyltrifluoromethanesulfonate (0.05 mL) was added to a solution o f ethyl 
benzoylacetate379 (1.00 mL, 6.0 mmol) and l,4-bis-trimethylsilanyloxy-Z-but-2-ene 380 
(3.48 g, 15.0 mmol) in dry CH2CI2 (20 mL) that was maintained under a blanket o f 
nitrogen at 0 °C. The solution was allowed to warm to room temperature and stirred for 
an additional 8  h. Pyridine (0.3 mL) was added and the solution was diluted with diethyl 
ether (20 mL) and washed with saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the aqueous layer was extracted with diethyl ether (3 x 20 mL). 
The combined organic layers were dried over sodium sulfate and concentrated in vacuo. 
Chromatography on silica (12:1, hexanes/EtOAc, R /= 0.20) afforded 381 (1.32 g, 84%) 
as a colorless oil. 'H  NMR (360 MHz, CDCI3) 8  7.60-7.25 (m, 5H), 5.67 (t, 2 H ,J=  1. 8  
Hz), 4.43-4.12 (m, 4H), 3.91 (q, 2H ,7=  7.0 Hz), 3.02 (s, 2H), 1.0 (t, 3H ,J  = 7.0 Hz); 13C 
NMR (90 MHz, CDClj) 8  168.5, 140.2, 129.1, 128.0, 127.8, 126.5. 103.2,62.4, 60.1,
43.9, 13.8.
Methyl 3-oxo-4-(2-phenyl-4,7-dihydro-[l,3|dioxepin-2-yl)-butanoate (383)
Ethyl ester 381 (943 mg, 3.6 mmol) was treated with methanolic KOH (2 M, 25 mL) for 
12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution was 
acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x 50
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mL). The combined organic extracts were carefully dried over anhydrous sodium sulfate 
and concentrated in vacuo. The resulting acid was dissolved in THF (15 mL) and 
carbonyl diimidazole (765 mg, 4.7 mmol) was added in small portions. In a separate 
flask, monomethylmalonate (2.12 g, 18.0 mmol) was stirred in THF (30 mL), treated with 
BuiMg (1.0 M in heptane, 9.0 mmol) at 0°C, and allowed to warm to room temperature. 
The two solutions were combined and stirred for an additional 24 h, diluted with diethyl 
ether (30 mL), successively washed with aqueous ammonium chloride (40 mL), aqueous 
brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The layers were 
separated and the aqueous phase was extracted with Et2 0  (3 x 20 mL). The combined 
organic layers were dried over anhydrous sodium sulfate and concentrated in vacuo. The 
residue was chromatographed on silica (10:1, hexanes/EtOAc, R/-= 0.18) to yield 383 
(640 mg, 61%) as a colorless oil. 'H NMR (360 MHz, CDClj) Keto form: 8  7.60-7.26 
(m, 5H), 5.66 (t, 2H ,y  = 3.6 Hz), 4.43-4.11 (m, 4H), 3.63 (s, 3H), 3.23 (s, 2H), 3.18 (s, 
2H); Visible resonances corresponding to enol form include: 12.10 (s), 4.61 (s), 3.90 (s); 
l3C NMR (90 MHz, CDCI3) Resonances corresponding to both enol and keto forms 8  
198.7, 172.8, 167.3, 139.9, 139.7, 129.1, 128.9, 128.4, 128.2, 127.9, 127.7, 126.6, 126.3,
104.0, 102.9, 91.7, 62.3, 51.9, 51.2, 50.9, 49.5,43.4.
Methyl 2-diazo-3-oxo-4-(2-phenyl-4,7-dihydro-[I,3)dioxepin-2-yl)-butyroate (384)
A solution o f383 (496 mg, 1.70 mmol), triethylamine (0.47 mL, 3.4 mmol) and 4- 
carboxybenzenesulfonazide (503 mg, 2.2 mmol) in acetonitrile (10 mL) with stirred for 5 
h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic
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extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 384 
(499 mg, 93%) as a yellow oil. 'H  NMR (360 MHz, CDC13) 5 7.55-7.23 (m, 5H), 5.66-
5.65 (m, 2H), 4.47-4.12 (m, 4H), 3.65 (s, 5H); 13C NMR (90 MHz, CDClj) 8  187.4,
160.9, 140.0,129.0, 127.9,127.5, 126.6, 103.6,62.3,51.8,45.7.
Methyl 3-oxo-5-phenyl-2,3,7,10-tetrahydro-[l,6|dioxecine-2-carboxylate (388)
To a solution o f diazo substrate 384 (200 mg, 0.63 mmol) in benzene (5 mL) that was 
maintained under a blanket o f nitrogen was added Rh2(OAc)4  (10 mg). The solution was 
allowed to stir for 24 h and concentrated in vacuo. The residue was chromatographed on 
silica (4:1, hexanes/EtOAc, Rf=  0.17) to yield 388 (109 mg, 60%) as a colorless oil. *H 
NMR (360 MHz, CDC13) 5 7.65-7.40 (m, 5H), 6.05 (m, 1H), 5.94-5.86 (m, 2H), 5.42 (s, 
1H), 4.61 (dt, 1H ,7=  16.2, 2.3 Hz), 4.50 (dd, lH ,y =  7.0, 9.5 Hz), 4.23 (t, 1H ,7 = 9.2 
Hz), 4.12 (dd, 1H,.7 = 5.5, 16.2 Hz), 3.85 (s, 3H); 13CN M R(90 MHz, CDC13) 8  193.4,
169.3, 168.7, 133.5, 131.2, 128.9, 127.9, 127.0, 112.7, 82.1 (2), 67.7,66.8, 52.2.
2-Methoxy-4,7-dihydro-[lr3Jdioxepine (392)
A solution o f m-/)ut-2-ene-1,4-diol (1.65 mL, 20 mmol), trimethylorthoformate (6 . 6  mL, 
60 mmol) and camphorsulfonic acid (30 mg) in dry CH2CI2 (40 mL) was heated to reflux 
under an atmosphere o f nitrogen for 4 h. The solution was allowed to cool and washed 
with saturated aqueous sodium bicarbonate (30 mL). The layers were separated and the 
aqueous phase was extracted with CH2CI2 (3 x 20 mL). The combined organic layers 
were dried over anhydrous sodium sulfate and concentrated in vacuo. The residue was 
distilled under reduced pressure (50°C, 3 torr) to give mixed orthoester 392 (1.46 g, 56%)
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as a colorless oil. 'H NMR (360 MHz, CDCI3) 5 5.72-5.71 (m, 2H), 5.40 (s, 1H), 4.50-
4.10 (m, 4H), 3.41 (s, 3H); I3C NMR (90 MHz, CDCI3) 8  129.2, 113.8, 61.5, 53.5.
Methyl 2>diazo-4-(4,7-dihydro-[l,3]dioxepin-2-yl)-3-oxo-butanoate (391)
To a solution o f mixed orthoester 392 (910 mg, 7.0 mmol) in CH2CI2 ( 2 0  mL) maintained 
at -78 °C under a blanket o f  nitrogen was added BF3-OEt (1.72 mL, 14.0 mmol), which 
was allowed to stir for 30 min. In a separate flask, TBDMS-OTf (2.1 mL, 9.1 mmol) was 
added to a solution of methyl 2-diazo-3-oxo-butanoate (885 mg, 7.0 mmol) and 
triethylamine (1.75 mL, 12.6 mmol) in CH2CI2 (20 mL) maintained at -78 °C. After 
allowing the solution to stir for 30 min the solutions were combined and allowed to stir 
for 1 h at -78 °C. The solution was allowed to warm to room temperature and the 
solution turned red in color. The solution was again cooled to -78 °C, stirred for an 
additional 20 min, and quenched with phosphate buffer (pH = 7.0) at this temperature. 
The mixture was allowed to warm to room temperature, diluted with diethyl ether (20 
mL) and washed with saturated aqueous sodium bicarbonate (20 mL). The layers were 
separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. The residue was chromatographed on silica (8:1, hexanes/EtOAc, R /=  0.17) to 
give 391 (609 mg, 52%) as a yellow oil. 'H NMR (360 MHz, CDC13) 8  5.71 (s, 2H),
5.32 (t, 1H, J=  5.8 Hz), 4.53-4.40 (m, 4H), 3.85 (s, 3H), 3.30 (d, 2 H ,J  = 5.5 Hz); l3C 
NMR (90 MHz, CDCI3) 8  188.5, 161.5, 129.4, 100.7, 65.6, 52.2,44.1.
Methyl 6-oxo-4-vinyl-2,8-dioxa-bicyclo|3.2.1 |octane-5-carboxylate (390)
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A solution o f  diazo substrate 391 (317 mg, 1.32 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f Rh2(OAc)4 (10 mg) in benzene (5 mL). 
After the addition was complete the solution was allowed to reflux for an additional 1 h 
then allowed to cool, diluted with diethyl ether (20 mL) and washed with a saturated 
solution o f sodium bicarbonate (20 mL). The layers were separated and the aqueous 
phase was extracted with diethyl ether (3 x 1 0  mL). The combined organic layers were 
dried over sodium sulfate and concentrated in vacuo. Chromatography on silica (4:1, 
hexanes/EtOAc, R /= 0.19) yielded 390 (100 mg, 36%). 'H NMR (360 MHz, CDC13) 8
6.12 (ddd, 1H ,7= 8.9 , 10.4, 17.4 Hz), 5.88 (d, 1H ,7=5.5 Hz), 5.27-5.16 (m, 2H),4.13 
(dd, 1H,7 = 3 .7 , 12.5 Hz), 3.8 (d, 1H,7  = 12.5 Hz), 3.73 (s,3H), 2.86(dd, 1H,7 = 5 .5 ,
18.3 Hz), 2.72 (dd, 1H, 7  = 4.0, 8.9 Hz), 2.63 (d, 1H ,7= 18.3 Hz); 13C NMR (90 MHz, 
CDCI3) 5 205.4, 164.9, 133.0, 119.5,98.0, 85.1, 63.4, 52.9,44.9,41.0.
9-Vinyl-l,7-dioxa-spiro[4.4]non-2-ene-4,6-dione (389)
To a solution o f bicyclic ketal 390 (99 mg, 0.47 mmol) in CH2CI2 (10 mL) maintained at 
0 °C under a blanket of nitrogen was added trimethylsilyltrifluoromethanesulfonate (0.01 
mL). The solution was allowed to warm to room temperature and stirred for 2 h. 
Pyridine (0.02 mL) was added and the solution was washed with saturated aqueous 
sodium bicarbonate (20 mL). The layers were separated and the aqueous phase was 
extracted with CH2CI2 (3 x 20 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. Chromatograhy on silica (4:1, 
hexanes/EtOAc, R /=  0.20) yielded 389 (34 mg, 40%) as a colorless oil. 'H NMR (360 
MHz, CDCI3) 8  8.41 (d, 1H,7  =2.4  Hz), 5.78 (ddd, 1H ,7=8.5 , 10.1,17.1 Hz), 5.67 (d,
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1H, 7= 2 .4  Hz), 5.39-5.26 (m, 2H), 4.63 (dd, 1H, 7 =  8.9,11.0 Hz), 4.49 (t, 1H, 7 = 8 .9
Hz), 3.70-3.61 (m, 1H); ,3C NMR (90 MHz, CDCI3) 5 197.6, 179.8, 167.3, 128.2, 122.8,
106.9, 88.6,67.9,48.4.
G. Bu-2313
Methyl 3-(2-methyl-4,7-dihydro-{ 1,3|dioxepin-2-yl)-propionate (433)
Trimethylsilyltrifluoromethanesulfonate (0.05 mL) was added to a solution of methyl 
levulinate 304 (1.24 mL, 10.0 mmol) and bis-TMS protected 1,4-dihydroxy-Z-but-2-ene 
380 (3.48 g, 15.0 mmol) in dry CH2CI2 (30 mL) that was maintained under a blanket o f 
nitrogen at 0 °C. The solution was allowed to warm to room temperature and stirred for 
an additional 8  h. Pyridine (0.3 mL) was added and the solution was diluted with diethyl 
ether (20 mL) and and washed with saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the aqueous layer was extracted with diethyl ether (3 x 20 mL). 
The combined organic layers were dried over sodium sulfate and concentrated in vacuo. 
Chromatography on silica (10:1, hexanes/EtOAc, R/ = 0.20) afforded 433 (1.54 g, 77%) 
as a colorless oil. 'H NMR (360 MHz, CDCI3) 5 5.65 (s, 2H), 4.24 (s, 4H), 3.68 (s, 3H), 
2.42-2.37 (m, 2H), 2.10-2.06 (m, 2H), 1.36 (s, 3H); 13C NMR (90 MHz, CDCI3) 8  173.6,
129.2, 102.7,61.2, 51.5, 31.4, 29.5, 20.7.
Methyl 5-(2-methyl-4,7-dihydro-[l,3]dioxepin-2-yl)-3-oxo-pentanoate (435)
Methyl ester 433 (562 mg, 2.81 mmol) was treated with methanoiic KOH (2 M, 25 mL) 
for 12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution 
was acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x
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SO mL). The combined organic extracts were carefully dried over anhydrous sodium 
sulfate and concentrated in vacuo. The resulting acid was dissolved in THF (25 mL) and 
carbonyl diimidazole (547 mg, 3.37 mmol) was added in small portions. In a separate 
flask, monomethyl malonate (1.66 g, 14.1 mmol) was stirred in THF (40 mL), treated 
with Bu2Mg (1.0 M in heptane, 7.0 mmol) at 0 °C, and allowed to warm to room 
temperature. The two solutions were combined and stirred for an additional 24 h, diluted 
with diethyl ether (30 mL), and successively washed with aqueous ammonium chloride 
(40 mL), aqueous brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the aqueous phase was extracted with Et2 0  (3 x 20 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. The residue was chromatographed on silica (3:1, hexanes/EtOAc, R /=  0.21) to 
yield 435 (680 mg, 83%) as a colorless oil. *H NMR (360 MHz, CDCI3) Resonances 
corresponding to keto form 8  5.65 (s, 2H), 4.23 (s, 4H), 3.74 (s, 3H), 3.49 (s, 2H), 2.63 (t, 
2H, J  = 7.6 Hz), 2.06 (t, 2H, J  = 7.6 Hz), 1,35 (s, 3H); Visible resonances corresponding 
to enol form include: 8  12.01 (s), 5.04 (s); I3C NMR (90 MHz, CDCI3) 8  201.9, 167.6,
129.3, 102.9, 61.3, 52.3,49.1, 38.4, 30.2, 21.0.
Methyl 2-diazo-5-(2-methyl-4,7-dihydro-[l,31dioxepin-2-yl)-3-oxo-pentanoate (436)
A solution o f 435 (465 mg, 1.92 mmol), triethylamine (0.67 mL, 4.8 mmol) and 4- 
carboxybenzenesulfonazide (567 mg, 2.50 mmol) in acetonitrile (10 mL) with stirred for 
5 h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 436
227
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(514 mg, 99%) as a yellow oil. 'H NMR (360 MHz, CDC13) 8  5.65 (s, 2H), 4.24 (s, 4H),
3.84 (s, 3H), 2.94 (t, 2H, J = 7.9 Hz ), 2.09 (t, 2H, J = 7.9 Hz), 1.40 (s, 3H); l3C NMR (90
MHz, CDCI3 ) 8  191.5,161.2,129.0,102.6, 75.2,60.8, 51.7,35.1,30.3,20.6.
Methyl l-methyl-6-oxo-4-vinyl-2,9-dioxa-bicyclo[3.3.1|nonane-5-carboxylate (438)
A solution o f  diazo substrate 436 (424 mg, 1.58 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f  Cu(hfacac)2  (10 mg) in benzene (10 mL). 
After the addition was complete the solution was allowed to reflux for an additional 1 h. 
The solution was allowed to cool, diluted with diethyl ether (20 mL) and washed with a 
saturated solution o f sodium bicarbonate (20 mL). The layers were separated and the 
aqueous phase was extracted with diethyl ether (3 x 1 0  mL). The combined organic 
layers were dried over sodium sulfate and concentrated in vacuo. Chromatography on 
silica (5:1, hexanes/EtOAc, Rf =Q.l9) yielded 438 (210 mg, 56%). 1H NMR (360 MHz, 
CDCI3) 8  5.50 (ddd, 1H ,J = 8 .5 ,10.1,17.7 Hz), 5.21-5.13 (m, 2H), 3.90-3.83 (m,4H),
3.71 (t, 1 H ,J=  11.3 Hz), 3.18 (ddd, 1H,V = 6.1, 8.5, 11.0 Hz), 2.33-2.10 (m, 3H), 1.98 
(dt, 1H,.7=5.8, 13.1 Hz), 1.51 (s, 3H); 13C N M R (90 MHz, CDC13) 8  193.3, 163.0,
131.6, 120.1, 105.8, 89.2,63.3, 52.5,44.4, 33.8, 27.2, 23.7.
(Cyclopent-l-enyloxy)-trimethyl-silane 426
Cyclopentanone (5.31 mL, 6 8  mmol) was added to a stirred solution o f  sodium iodide 
(11.2 g, 74.4 mmol) in dry acetonitrile (100 mL) that was maintained under a nitrogen 
atmosphere. When the sodium iodide was completely dissolved, triethylamine (10.4 mL, 
75 mmol) was added, followed by chlorotrimethylsilane (9.52 mL, 75 mmol). An
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exothermic reaction ensued. The reaction mixture was stirred for 0.5 h and extracted 
with hexane (100 mL). Ice-water (50 mL) was added to the hexane solution (2 x 50 mL). 
The combined hexane extracts were washed with ice-water and dried over anhydrous 
sodium sulfate. The solvent was removed in vacuo to yield the crude silyl ether as a 
yellow oil. The silyl enol ether was purified by distillation (1 5 0 -1 5 6  °C) to afford 426 
(8.62 g, 92%) as a colorless liquid. 'H NMR (360 MHz, C D C lj) 5 4.54 (s, 1H), 2.23-2.16 
(m, 4H), 1.83-1.74 (m, 2H), 0.13 (s, 9H); l3C NMR (90 MHz, CDCI3) 8  155.0, 102.1,
33.5,28.7,21.3,-0.02.
Ethyl (2-oxo-cyclopentyl)-acetate (427)
A mixture ofTM S enol ether 426 (2.69 g, 17.2) and Cu(acac)2  (91.2 mg, 0.35 mmol) was 
heated to 90 °C in a constant temperature oil bath. A solution o f ethyl diazoacetate (3.48 
mL, 20.7 mmol) in benzene (5 mL) was added dropwise over 1 h. The solution was 
allowed to stir at reflux for an additional 1 h. The solution was allowed to cool to 50 °C 
and a solution o f acetic acid (2.0 mL) and water (2.0 mL) were added. The solution was 
allowed to stir at this temperature for an additional 8  h. The solution was allowed to cool 
to room temperature and diluted with diethyl ether (30 mL) and transferred to a 250 mL 
Erlenmeyer flask. A saturated aqueous solution o f sodium bicarbonate (50 mL) was 
added and the solution was allowed to stir until gas evolutions ceased. The mixture was 
transferred to a separatory funnel and the layers were separated. The aqueous layer was 
extracted with diethyl ether (3 x 20 mL) and the combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. The cyclopentanone 427 was 
purified by distillation at reduced pressure (100 -  105 °C, 3 torr) to yield 427 (3.53 g,
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64%). ‘H NMR (360 MHz, CDC13) 8  4.13 (q, 2H, J = 7.0 Hz), 2.78-2.66 (m, 1H), 2.50-
2.00 (m, 6 H), 1.89-1.57 (m, 2H), 1.26 (t, 3H, J  = 7.0 Hz); 13C NMR (90 MHz, CDCI3 ) 8
219.0, 171.9,60.4,45.4, 37.3,33.8,29.1,20.4, 14.0.
Ethyl (6,ll-dioxa-spiro[4.6|undec-8-en-l-y!)-acetate (444)
Trimethylsilyltrifluoromethanesulfonate (0.05 mL) was added to a solution o f  
cyclopentanone 427 (1.64 g, 9.6 mmol) and bis-TMS protected c/.s-2-butene-1,4-diol 380 
(4.47 g, 19.3 mmol) in dry DME (30 mL) that was maintained under a blanket o f nitrogen 
at 0 °C. The solution was allowed to warm to room temperature and stirred for an 
additional 8  h. Pyridine (0.3 mL) was added and the solution was diluted with diethyl 
ether (20 mL) and and washed with saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the aqueous layer was extracted with diethyl ether (3 x 20 mL). 
The combined organic layers were dried over sodium sulfate and concentrated in vacuo. 
Chromatography on silica (6:1, hexanes/EtOAc, R/= 0.21) afforded 444 (1.78 g, 77%) as 
a colorless oil. 'H NMR (360 MHz, CDC13) 8  5.72-5.62 (m, 2H), 4.38-4.06 (m, 6 H), 
2.62-2.51 (m, 2H),2.14(m, 1H), 2.07-1.96 (m, 2H), 1.72-1.58 (m, 3H), 1.45 (m, 1H),
1.25 (t, 3H, 7 = 7 .0  Hz); l3C N M R (90 MHz, CDC13) 8  173.2, 129.8, 129.2, 113.5, 63.7,
61.9, 60.2,41.7, 36.6, 33.5, 30.0,20.7, 14.2.
Methyl 4-(6,l l-dioxa-spiro[4.6|undec-8-en-l-yi)-3-oxo-butyroate (446)
Ethyl ester 444 (516 mg, 2.15 mmol) was treated with methanolic KOH (2 M, 25 mL) for 
12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution was 
acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x 50
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mL). The combined organic extracts were carefully dried over anhydrous sodium sulfate 
and concentrated in vacuo. The resulting acid was dissolved in THF (25 mL) and 
carbonyl diimidazole (419 mg, 2.58 mmol) was added in small portions. In a separate 
flask, monomethyl malonate (1.27 g, 10.8 mmol) was stirred in THF (40 mL), treated 
with Bu2Mg (1.0 M in heptane, 5.38 mmol) at 0 °C, and allowed to warm to room 
temperature. The two solutions were combined and stirred for an additional 24 h, diluted 
with diethyl ether (30 mL), successively washed with aqueous ammonium chloride (40 
mL), aqueous brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the combined aqueous phases were extracted with Et2 0  (3 x 20 
mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. The residue was chromatographed on silica (5:1, hexanes/EtOAc, 
Rf=  0.20) to yield 446 (401 mg, 70%) as a colorless oil. ’H NMR (360 MHz, CDCI3) 
Resonances corresponding to keto form 8  5.68-5.60 (m, 2H), 4.33-4.06 (m, 4H), 3.73 (s, 
3H), 3.50 (d, 1H,.7=15.3 Hz), 3.44 (d, 1H,.7=15.3 Hz), 2.80 (dd, 1H,7  = 6.7, 16.8 Hz),
2.67 (m, 1H), 2.32 (dd, lH ,y = 7 .6 , 16.8 Hz), 2.09-1.96 (m, 2H), 1.74-1.60 (m, 3H), 1.36 
(m, IH); resonances corresponding to enol form include: 11.81 (s), 5.01 (s); l3C NMR 
(90 MHz, CDCI3) Resonances corresponding to keto form 8  202.2, 167.6, 129.7, 128.8,
113.4,63.6, 61.9, 52.1,49.6,44.8, 41.0, 34.0,30.4, 22.1.
Methyl 2-diazo-4-(6,l l-dioxa-spiro[4.6]undec-8-en-l-yl)-3-oxo-butyroate (439)
A solution o f 446 (295 mg, 1.1 mmol), triethylamine (0.31 mL, 2.2 mmol) and 4- 
carboxybenzenesulfonazide (325 mg, 1.43 mmol) in acetonitrile (10 mL) was stirred for 5 
h at room temperature. The reaction mixture was poured into saturated aqueous sodium
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bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 439 
(315 mg, 97%) as a yellow oil. 'H NMR (360 MHz, CDC13) 5 5.71-5.62 (m, 2H), 4.36-
4.13 (m, 4H), 3.84 (s, 3H),3.24(dd, lH ,y = 4 .9 ,15.6 Hz), 2.71 (m, 1H), 2.59 (dd, IH ,J  
= 9.2, 15.6 Hz), 2.03-1.94 (m, 2H), 1.81-1.57 (m, 3H), 1.43 (m, 1H); I3C NMR (90 MHz, 
CDC13) 8  192.0, 161.5, 129.5, 129.0, 113.6, 75.6,63.5,61.7,51.9,41.4,40.8,33.1,29.6,
20.5.
Methyl 7-oxo-9-vinyl-ll,12-dioxa-tricyclo(6J.1.0% l,5&ldodecane-8-carboxylate 
(448)
A solution o f diazo substrate 439 (102 mg, 0.35 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f Cu(hfacac)2 (10 mg) in benzene (5 mL) 
maintained under an atmosphere o f nitrogen. After the addition was complete, the 
solution was allowed to reflux for an additional 1 h. The solution was allowed to cool, 
diluted with diethyl ether (20 mL) and washed with a saturated solution o f sodium 
bicarbonate (20 mL). The layers were separated and the aqueous phase was extracted 
with diethyl ether (3 x 1 0  mL). The combined organic layers were dried over anhydrous 
sodium sulfate and concentrated in vacuo. Chromatography on silica (15:1, 
hexanes/EtOAc, R /= 0.17) yielded 448 (48 mg, 51%). 'H NMR (360 MHz, CDCI3) 8
5.53 (ddd, 1 H ,J=  8 .6 , 11.0, 16.8 Hz), 5.20-5.11 (m, 2H),3.91 (dd, 1H, J =  6.1,11.6 Hz), 
3.88 (s, 3H), 3.71 (t, lH ,y =  11.6 Hz), 3.21-3.11 (m, 1H), 2.62 (m, 1H), 2.47 (dd, 1H ,J =
8.5,13.1 Hz), 2.12-1.70 (m, 6 H), 1.37 (m, 1H); 13C NMR (90 MHz, CDC13) 5 193.8,
163.2, 131.7, 120.1, 118.5,91.4, 64.9, 52.6,44.6,44.3,35.3, 34.3,33.7,25.0.
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tert- Butyl 4-(6,ll-dioxa-spiro[4.6|undec-8-en-l-yl)-3-oxo-butyroate (450)
Ethyl ester 444 (829 mg, 3.37 mmol) was treated with methanolic KOH (2 M, 25 mL) for 
12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution was 
acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x 50 
mL). The combined organic extracts were carefully dried over anhydrous sodium sulfate 
and concentrated in vacuo. The resulting acid was dissolved in THF (25 mL) and 
carbonyl diimidazole (600 mg, 3.71 mmol) was added in small portions. In a separate 
flask, mono r-butylmalonate (2.44 g, 16.9 mmol) was stirred in THF (40 mL), treated 
with Bu2Mg (1.0 M in heptane, 8.4 mmol) at 0 °C, and allowed to warm to room 
temperature. The two solutions were combined and stirred for an additional 24 h, diluted 
with diethyl ether (30 mL), and successively washed with aqueous ammonium chloride 
(40 mL), aqueous brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the combined aqueous phase was extracted with Et2 0  (3 x 20 
mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. The residue was chromatographed on silica (7:1, hexanes/EtOAc, 
R/= 0.20) to yield 450 (779 mg, 75%) as a colorless oil. 'H NMR (360 MHz, CDCI3) 8
5.68-5.60 (m, 2H), 4.32-4.07 (m, 4H), 3.39 (d, 1H ,7=  15.3 Hz), 3.31 (d, 1H ,7=  15.3 
Hz), 2.79 (dd, 1H,7 = 6.1, 16.8 Hz), 2.65 (m, 1H),2.33 (dd, 1H, .7=7.9, 16.8 Hz), 2.09- 
1.96 (m, 2H), 1.73-1.60 (m, 3H), 1.46 (s, 9H), 1.36 (m, 1H); 13C NMR (90 MHz, CDCI3)
5202.8, 166.5, 129.8, 128.9, 113.5,81.7, 63.6, 62.0,51.2,44.7,40.8, 33.9, 30.4,27.9, 
21 .0 .
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tert-Butyl 2-diazo-4-(6,l l-dioxa-spiro[4.6)undec-8-en-l-yl)-3-oxo-butanoate (451)
A solution o f450 (679 mg, 2.19 mmol), triethylamine (0.76 mL, 5.5 mmol) and 4- 
carboxybenzenesulfonazide (647 mg, 2.85 mmol) in acetonitrile (15 mL) with stirred for 
5 h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 451 
(730 mg, 99%) as a yellow oil. 'H NMR (360 MHz, CDC13) 8  5.71-5.62 (m, 2H), 4.38-
4.10 (m,4H), 3.18 (dd, 1H,.7 = 4.3, 15.6 Hz), 2.70 (m, 1H), 2.61 (dd, 1H,.7=9.2, 15.9 
Hz), 2.06-1.95 (m, 2H), 1.80-1.57 (m, 3H), 1.53 (s, 9H), 1.42 (m, 1H); 13C NMR (90 
MHz, CDC13) 8  192.7, 160.5, 129.7, 129.2, 113.7, 82.8, 63.7, 61.8,41.5,40.8, 33.4, 30.0,
28.2, 20.7.
/£rf-Butyl-7-oxo-9-vinyl-l l,12-dioxa-tricyclo|6.3.1.0|dodecane-8-carboxylate (453)
A solution o f diazo substrate 451 (304 mg, 0.90 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f Cu(hfacac)2 (10 mg) in benzene (5 mL).
After the addition was complete the solution was allowed to reflux for an additional 1 h 
and allowed to cool. The solution was diluted with diethyl ether (20 mL) and washed 
with a saturated solution of sodium bicarbonate (20 mL). The layers were separated and 
the aqueous phase was extracted with diethyl ether (3 x 1 0  mL). The combined organic 
layers were dried over sodium sulfate and concentrated in vacuo. Chromatography on 
silica (15:1, hexanes/EtOAc, Rf=  0.17) yielded 453 (145 mg, 52%). 'H NMR (360 
MHz, CDClj) 8  5.56 (ddd, 1 H ,7 = 8 .2 ,10.7,17.1 Hz), 5.17-55.10 (m, 2H), 3.89 (dd, 1H,
.7 = 6.1, 11.6 Hz), 3.69 (t, 1H,.7 = 11.3 Hz), 3.15-3.05 (m, 1H), 2.61-2.53 (m, 1H),2.44
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(dd, 1H,7= 8.9,13.4 Hz), 2.10-1.98 (m, 2H), 1.94-1.69 (m, 4H), 1.56 (s, 9H), 1.38 (m,
1H); I3C NMR (90 MHz, CDC13) 5 194.6, 162.8, 132.0,119.5, 118.4,91.2, 84.6,65.0,
44.6,44.3, 35.8, 34.4, 33.7,28.0,24.9.
tert-B utyl 7-oxo-9,14-dioxa-tricyclo[6.6.0.0%l,5&]tetradec-l l-ene-8 -carboxylate 
(454)
A solution o f diazo substrate 451 (304 mg, 0.90 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f Cu(hfacac)2  (10 mg) in benzene (5 mL) 
maintained under an atmosphere o f nitrogen. After the addition was complete the 
solution was allowed to reflux for an additional 1 h, then allowed to cool. The solution 
was diluted with diethyl ether (20 mL) and washed with a saturated solution o f sodium 
bicarbonate (20 mL). The layers were separated and the aqueous phase was extracted 
with diethyl ether (3 x 1 0  mL). The combined organic layers were dried over anhydrous 
sodium sulfate and concentrated in vacuo. Chromatography on silica (15:1, 
hexanes/EtOAc, R /= 0.16) yielded 454 (73 mg, 26%). 'H NMR (360 MHz, CDC13) 5
5.85-5.70 (m, 2H), 4.87 (m, 1H), 4.51 (m, 1H), 4.34-4.21 (m, 2H), 2.87 (dd, tH ,7  = 10.4,
18.3 Hz), 2.67 (m, 1H), 2.28 (m, 1H), 2.17 (m, 1H), 2.04 (dd, IH, 7  = 9.2, 18.3 Hz), 1.95- 
1.78 (m, 2H), 1.66 (m, 1H), 1.49 (s, 10H); l3C NMR (90 MHz, CDClj) 6  208.9, 168.5,
133.1, 126.4, 94.3, 86.3, 82.9,64.9,64.4,45.5, 42.7, 33.0, 30.3, 27.9,24.2.
2-Ethoxy-tetrahydro-furan-3-ol (465)
A solution o f /w-CPBA (50% in water/m-chlorobenzoic acid, 10.63 g, 30.8 mmol) in 
CH2CI2 (80 mL) was added dropwise over 30 min to a solution o f 2,3-dihydrofuran (3.05
235
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mL, 40 mmol) in EtOH (40 mL) that was maintained at 0 °C. Following the addition, the 
solution was allowed to warm to room temperature and stirred for an additional 8  h. The 
mixture was concentrated in vacuo, diluted with CH2CI2 (60 mL) and filtered. The solid 
was washed with additional portions o f CH2CI2 (3 x 50 mL) and the filtrate was washed 
with a 1 M aqueous solution o f  sodium carbonate (2 x 50 mL) and brine (100 mL). The 
layers were separated and the combined aqueous phases were extracted with CH2CI2 (3 x 
50 mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. Chromatography on silica (2:1, hexanes/EtOAc, R/= 0.24) 
yielded 465 (3.03 g, 75%) as a colorless oil. 'H NMR (360 MHz, CDCI3) 5 4.92 (s, 1H), 
4.21 (m, 1H), 4.07 (q, 1H, 7  = 7.9 Hz), 3.95 (td, 1H, 7  = 9.2,4.9 Hz), 3.70 (dq, 1H ,7=
9.8, 7.3 Hz), 3.46 (dq, 1H, 7  = 9.8, 7.0 Hz), 2.58 (d, 1H,.7=4.6 Hz), 2.31-2.20 (m, 1H),
1.86-1.77 (m, 1H), 1.18 (t, 3H ,7  =  7.0 Hz); 13C NMR (90 MHz, CDC13) 5 107.7, 75.5,
66.1.62.5, 32.4, 15.0.
ferr-Butyl (2-ethoxy-tetrahydro-furan-3-y!oxy)-dimethyl-silane (467)
ferf-Butyldimethylsilylchloride (754 mg, 5 mmol) was added to a stirred solution o f 465 
(660 mg, 5 mmol) and imidazole (369 mg, 5.5 mmol) in THF (30 mL) that was 
maintained at room temperature. The resulting mixture was allowed to stir for 1 h, then 
filtered through a plug of silica. The silica was washed with diethyl ether (3 x 50 mL) 
and the solution was concentrated in vacuo to yield 467 (1.23 g, 95%) as a colorless oil.
1H NMR (360 MHz, CDC13) 8  4.83 (s, 1H), 4.19 (dd, 1H, 7  = 2.1, 5.5 Hz), 4.06 (q, 1H, 7  
= 7.9 Hz), 3.94 (td, 1H, 7 =  8.2,4.6 Hz), 3.70 (dq, 1H, 7  = 9.8, 7.0 Hz), 3.44 (dq, 1H ,7 =
9.5, 7.0 Hz), 2.21 -2.10 (m, 1H), 1.79-1.69 (m, 1H), 1.18 (t, 3H, 7  = 7.0 Hz), 0.89 (s, 9H),
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0.08 (s, 6H); 13C NMR (90 MHz, CDC13) 8 108.3, 76.5,66.6,62.5,33.2,25.7, 18.1, 15.1,
-4.8.
2-Ethoxy-dihydro-furan-3-one (462)
Pyridium chlorochromate (3.23 g, 15 mmol) was added to a solution o f 465 (661 mg, 5 
mmol) and 4A molecular sieves (8.4 g) in CH2CI2 (30 mL). The mixture was allowed to 
stir for 3 h at room temperature and filtered through silica. The silica was washed with 
diethyl ether (3 x 50 mL) and the solution was concentrated in vacuo. Chromatography 
on silica (10:1, hexanes/EtOAc, R /= 0.22) yielded 462 (502 mg, 77%) as a colorless oil. 
‘H NMR (360 MHz, CDCI3 ) 8  4.72 (s, 1H), 4.32 (dd, 2H,J=  5.5, 8.5 Hz), 3.80 (dq, 1H, 
/ =  9.5, 7.0 Hz), 3.62 (dq, 1H ,7=  9.8, 7.0 Hz), 2.60-2.42 (m, 2H), 1.25 (t, 3H,7 =  7.0 
Hz); ,3C NMR (90 MHz, CDCI3 ) 8  208.5,96.7,64.0, 63.8, 33.9, 15.0.
terf-Butyl 2-diazo-4-(2-ethoxy-3-hydroxy-tetrahydro-furan-3-yl)-3-oxo-butanoate 
(466)
To a solution of acetal 462 (241 mg, 1.85 mmol) in CH2CI2 (10 mL) maintained at -78 °C 
was added BF3-OEt (0.48 mL, 3.86 mmol), and the solution was allowed to stir for 30 
min. In a separate flask, TBDMS-OTf (0.38 mL, 1. 6 6  mmol) was added to a solution of 
terf-butyl 2-diazo-3-oxo-butanoate (254 mg, 1.38 mmol) and triethylamine (0.29 mL,
2.07 mmol) in CH2CI2 (10 mL) maintained at -78°C. After allowing the solutions to stir 
for 30 min, the solutions were combined and allowed to stir for 2 h at -78 °C and 
quenched with phosphate buffer (pH = 7.0) at -78 °C. The mixture was allowed to warm 
to room temperature, diluted with diethyl ether (20 mL) and washed with saturated
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aqueous sodium bicarbonate (20 mL). The layers were separated and the aqueous phase 
was extracted with diethyl ether (3 x 20 mL). The combined organic layers were dried 
over anhydrous sodium sulfate and concentrated in vacuo. The residue was 
chromatographed on silica (5:1, hexanes/EtOAc, R /=  0.21) to give 466 (309 mg, 53%) as 
a yellow oil. 'H NMR (360 MHz, CDC13) 5 4.87 (m, 1H), 4.04 (m, 1H), 3.87-3.77 (m, 
2H), 3.59 (m, 1H), 3.47 (m, 1H), 3.25-3.10 (m, 2H), 2.17-2.02 (m, 2H), 1.52-1.51 (m, 
9H), 1.28-1.22 (m, 3H); I3C NMR (90 MHz, CDClj) 5 191.0, 160.4, 104.2, 83.4, 78.7,
75.2, 65.1,63.9, 45.9, 37.1,28.2, 15.2.
terf-Butyl 7-(terr-butyl-dimethyl-silanyloxy)-2-diazo-6-ethoxy-9-hydroxy-3-oxo- 
nonanoate (468)
To a solution o f acetal 467 (531 mg, 2.16 mmol) in CHiCL (10 mL) maintained at -78 °C 
under a blanket o f nitrogen was added TiCU (0.51 mL, 4.65 mmol), and the resulting 
solution was allowed to stir for 30 min. In a separate flask, TBDMS-OTf (0.46 mL, 1.99 
mmol) was added to a solution o f  terf-butyl 2-diazo-3-oxo-butanoate (306 mg, 1. 6 6  
mmol) and triethylamine (0.30 mL, 2.16 mmol) in CH^CN (10 mL) maintained at -78 °C. 
After allowing the solution to stir for 30 min, the solutions were combined and allowed to 
stir for 2 h at -78 °C and quenched with phosphate buffer (pH = 7.0). The mixture was 
allowed to warm to room temperature, diluted with diethyl ether (20 mL) and washed 
with saturated aqueous sodium bicarbonate (20 mL). The layers were separated and the 
aqueous phase was extracted with diethyl ether (3 x 20 mL). The combined organic 
layers were dried over anhydrous sodium sulfate and concentrated in vacuo. The residue 
was chromatographed on silica (3:1, hexanes/EtOAc, R^= 0.20) to give a mixture o f
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diastereomers 468 (422 mg, 59%) as a yellow oil. 'H  NMR (360 MHz, CDCI3) 8  4.08- 
3.91 (m, 2H), 3.86-3.56 (m, 4H), 3.17 (td, 1H ,7= 17.4, 8.9 Hz), 2.98-2.81 (m, 1H), 1.60- 
1.46 (m, 9H), 1.19-1.12 (m, 3H), 0.95-0.80 (m, 9H), 0.15-0.04 (m, 6 H); 13C NMR (90 
MHz, CDCI3) 8  191.3, 191.0, 160.4, 83.2, 83.1, 78.7, 77.4, 72.6, 70.5, 66.9, 66.1,60.2,
58.7,42.2, 39.9,35.4,35.2, 28.3,28.2, 25.8,25.7, 25.0,18.0, 17.9, 15.5,15.4, -4.4, -4.6, - 
4.9(2).
Methyl 3-but-3-ynyloxy-acrylate (472)
A solution o f  methyl propynoate (446 mg, 5.31 mmol), 3-butyn-l-ol (0.34 mL, 4.43 mL) 
and N-methylmorpholine (0.03 mL, 0.27 mmol) in acetonitrile (10 mL) was stirred at 
room temperature under a blanket of nitrogen for 2 h. The solution was concentrated in 
vacuo. The residue was chromatographed on silica (10:1, hexanes/EtOAc, R^= 0.22) to 
yield enol ether 472 (643 mg, 94%) as a colorless oil. 'H NMR (360 MHz, CDCI3) 8  
7.59 (d, 1H, J=  12.8 Hz), 5.24 (d, 1H, J=  12.8 Hz), 3.96 (t, 2H, J  = 6.7 Hz), 3.70 (s, 3H), 
2.61 (td, 2H, J  = 6.7,2.8 Hz), 2.05 (t, IH ,J=  2.7 Hz); 13C NMR (90 MHz, CDCI3) 8
167.9, 161.8, 96.8, 79.4, 70.4, 6 8 .6 , 51.1, 19.2.
Methyl (3-tributylstannanylmethylene-tetrahydro-furan-2-yl)-acetate (473)
A solution o f Bu3SnH (1.48 mL, 5.52 mmol) and AIBN (354 mg, 0.21 mmol) in benzene 
( 6  mL) was added dropwise over 8  h to a refluxing solution o f enol ether 472 (640 mg, 
4.16 mmol) in benzene (200 mL) that was maintained under an atmosphere o f nitrogen. 
After the addition was complete the solution was allowed to reflux for an additional 1 h. 
The solution was concentrated in vacuo and chromatographed on silica (20:1,
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hexanes/EtOAc/1% Et3N, R/= 0.20) to yield 473 ( 1.56 g, 85%) as a colorless oil. ‘H 
NMR (360 MHz, CDC13) 8  5.68 (m, 1H), 4.64 (m, 1H), 4.03 (m, 1H), 3.83 (q, 1 H, J = 7.6 
Hz), 3.72 (s, 3H), 2.68-2.45 (m, 4H), 1.54-1.44 (m, 3H), 1.36-1.25 (m, 6 H), 0.96-0.84 (m, 
15H); ,3C NMR (90 MHz, CDC13) 8  171.8, 159.1, 117.2, 78.5, 67.0, 51.7,40.5, 34.7,
29.1,27.2, 13.6,9.7.
Methyl (3-oxo-tetrahydro-furan-2-yl)-acetate (474)
A solution o f  furan 473 (1.26 g, 2.84 mmol), N aI04 (3.04 g, 14.2 mmol) and catalytic 
O s0 4 (71 mg, 0.28 mmol) in EtiO /TH F/^O  (1:1:1,15 mL) was stirred at room 
temperature under a blanket o f nitrogen for 5 h. The solution was diluted with diethyl 
ether (20 mL) and washed with water (25 mL) and the layers were separated. The 
aqueous phase was extracted with Et2 0  (3 x 20 mL) and the combined organic layers 
were dried over anhydrous sodium sulfate and concentrated in vacuo. The residue was 
chromatographed on silica (6 :1, hexanes/EtOAc, R/= 0.18) to yield 474 (347 mg, 77%) 
as a colorless oil. 'H NMR (360 MHz, CDCI3) 8  4.37 (td, 1H,7 = 9.2,4.0 Hz), 4.12 
(ddd, 1H, J  = 9.2,8.2, 7.3 Hz), 3.99 (dd, 1H, J = 9.2, 7.3 Hz), 3.70 (s, 3H), 2.84 (dd, 1H,
.7 = 4.3, 17.1 Hz), 2.74 (dd, 1H, .7=5.8, 17.1 Hz), 2.69 (ddd, 1H, .7=9.2, 9.2, 18.3 Hz),
2.53 (ddd, lH ,y  = 4.0, 7.3, 18.0 Hz); 13C NMR (90 MHz, CDC13) 8214.6, 170.5, 75.8,
64.9,51.9, 36.3, 35.7.
Methyl (2,6,1 l-trioxa-spiro[4.6]undec-8-en-l-yl)-acetate (475)
Trimethylsilyitrifluoromethanesulfonate (0.05 mL) was added to a solution o f bis-TMS 
protected m -2-butene-1,4-diol (882 mg, 3.8 mmol) and furan 474 (300 mg, 1.9 mmol) in
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DME (30 mL). The solution was allowed to stir at room temperature for 12 h, after 
which time pyridine (0.1 mL) was added. The solution was diluted with diethyl ether (20 
mL) and washed with saturated aqueous sodium bicarbonate (20 mL). The layers were 
separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. The residue was chromatographed on silica (5:1, hexanes/EtOAc, R /=  0.21) to 
yield 475 (310 mg, 72%) as a colorless oil. 'H NMR (360 MHz, CDC13) 8 5.73-5.64 (m, 
2H), 4.44-4.10 (m, 5H), 4.01 (td, 1 H ,J=  8.6, 3.4 Hz), 3.88 (m, 1H), 3.67 (s, 3H), 2.62 
(dd, lH ,y = 5 .2 , 15.6 Hz), 2.48 (dd, 1H, .7 = 8.6, 15.6 Hz), 2.26 (ddd, 1H, .7 = 3.4,6.7,
12.1 Hz), 2.01 (m, 1H); 13C NMR (90 MHz, CDC13) 8 171.7, 129.5, 128.8, 111.8, 79.0,
65.9, 64.5, 62.7, 51.6, 37.5, 35.4.
terr-Butyl 3-oxo-4-(2,6,l l-trioxa-spiro(4.6]undec-8-en-l-yl)-butanoate (477)
Methyl ester 475 (141 mg, 0.62 mmol) was treated with methanolic KOH (2 M, 25 mL) 
for 12 h, concentrated in vacuo and diluted with water (100 mL). The aqueous solution 
was acidified to pH 4.0 with saturated aqueous citric acid and extracted with EtOAc (4 x 
50 mL). The combined organic extracts were carefully dried over anhydrous sodium 
sulfate and concentrated in vacuo. The resulting acid was dissolved in THF (15 mL) and 
carbonyl diimidazole (121 mg, 0.74 mmol) was added in small portions. In a separate 
flask, mono /-butylmalonate (498 g, 3.1 mmol) was stirred in THF (20 mL), treated with 
Bu2Mg (1.0 M in heptane, 1.55 mmol) at 0 °C, and allowed to warm to room 
temperature. The two solutions were combined and stirred for an additional 24 h, diluted 
with diethyl ether (30 mL), successively washed with aqueous ammonium chloride (40
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mL), aqueous brine (40 mL) and saturated aqueous sodium bicarbonate (40 mL). The 
layers were separated and the combined aqueous phases were extracted with Et20 (3 x 20 
mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. The residue was chromatographed on silica (7:1, hexanes/EtOAc, 
R /=  0.20) to yield 477 (163 mg, 84%) as a colorless oil. ‘H NMR (360 MHz, CDC13) 5
5.72-5.61 (m, 2H), 4.41-4.08 (m, 5H), 3.98 (td, 1H ,7=  8.6, 3.1 Hz), 3.86 (m, 1H), 3.43 
(d, 1H, 7 =  15.6, Hz), 3.37 (d, 1H,7 =  15.6 Hz), 2.84(dd, 1H,7 = 5 .8 , 16.2 Hz), 2.65 (dd, 
1H ,7=  7.6, 16.2 Hz), 2.25 (ddd, 1H ,7=  3.4, 6.7, 12.3 Hz), 2.01 (m, IH), 1.46 (s, 9H); 
l3C NMR (90 MHz, CDC13) 5 201.3, 166.3, 129.6, 128.6, 112.0, 81.7, 78.9, 66.0, 64.4,
62.8,51.5,45.0, 35.7, 27.9.
terf-Butyl 2-diazo-3-oxo-4-(2,6,l l-trioxa-spiro[4.6]undec-8-en-l-yl)-butyroate ester 
(478)
A solution o f 477 (152 mg, 0.49 mmol), triethylamine (0.14 mL, 0.98 mmol) and 4- 
carboxybenzenesulfonazide (147 mg, 0.64 mmol) in acetonitrile (10 mL) was stirred for 5 
h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 478 
(160 mg, 97%) as a yellow oil. 'H NMR (360 MHz, CDC13) 5 5.74-5.62 (m, 2H), 4.49 
(dd, 1H, 7  = 4.9, 8.6 Hz), 4.46-4.12 (m, 4H), 4.02 (td, 1H ,7= 8.6, 3.4 Hz), 3.88 (m, 1H), 
3.16-3.02 (m, 2H), 2.25 (ddd, 1H ,7=3.7 , 6.7, 12.3 Hz), 2.09 (m, 1H), 1.52 (s,9H); ,3C 
NMR (90 MHz, CDC13) 8 190.9, 160.4,129.5, 128.9, 112.1,82.9, 78.5,65.8,64.5,62.7,
42.3,35.2, 28.2.
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9,10-Dibromo-7,12-dioxa-spiro[5.6)dodecan-3-one(486)
A 250 mL round-bottom flask charged with (J/)-2,3-dibromo-1,4-butanediol 485 (7.19 g,
30.2 mmol), 1,4-hexanedione (4.40 g, 39.3 mmol),/>-TsOH (100 mg) and toluene (100 
mL) was fitted with a Dean-Stark trap and reflux condenser. The solution was heated to 
reflux with subsequent azeotropic removal o f  water for 3 h. The solution was allowed to 
cool to room temperature and washed with saturated aqueous sodium bicarbonate (100 
mL). The layers were separated and the aqueous phase was extracted with diethyl ether 
(3 x 50 mL) and the combined organic layers were dried over anhydrous sodium sulfate 
and concentrated in vacuo. The residue was chromatographed on silica (4:1, 
hexanes/EtOAc, R /=  0.23) to yield 486 (6.11 g, 59%) as a white solid (mp 120.1 - 122.0 
°C). 'H NMR (360 MHz, CDClj) 5 4.21-4.18 (m, 4H), 3.90-3.84 (m, 2H), 2.42 (t, 4H, J  
= 6.7 Hz), 2.06 (t, 4H, J  = 7.0 Hz); ,3C NMR (90 MHz, CDClj) 8 209.3, 100.8, 62.9,
54.3,37.1,32.0.
3,4-Dibromo-l,6,10-trioxa-spiro[6.6]tridecan-11-one (487)
A mixture o f acetal 486 (1.02 g, 2.98 mmol), Na2HP04 (890 mg, 6.3 mmol) and m-CPBA 
(50% in water/m-chlorobenzoic acid, 1.62 g, 4.7 mmol) in a w ater/C ^C li mixture (1:1, 
30 mL) were stirred for 10 h at room temperature. The mixture was diluted with CH2CI2 
(50 mL) and washed with aqueous potassium carbonate (1M, 2 x 40 mL). The layers 
were separated and the combined aqueous phases were extracted with diethyl ether (3 x 
25 mL). The combined organic layers were dried over anhydrous sodium sulfate and 
concentrated in vacuo. Chromatography on silica (4:1, hexanes/EtOAc, R /= 0.22)
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yielded 487 (971 mg, 91%) as a thick viscous oil. ’H NMR (360 MHz, CDCI3) 8 4.27-
4.16 (m, 6H), 3.84-3.77 (m, 2H), 2.68-2.65 (m, 2H), 2.09-1.98 (m, 4H); ,3C NMR (90
MHz, CDClj) 5 174.9, 101.5,63.6,62.3, 54.0 (2), 37.0,30.4,28.1.
l,6,10-Trioxa-spiro[6.6|tridec-3-en-ll-one (483)
A suspension of acetal 487 (768 mg, 2.15 mmol) and activated zinc metal (734 mg, 11.2 
mmol) in THF (20 mL) was heated at reflux for 1 h. The solution was allowed to cool to 
room temperature and concentrated in vacuo. The solution was diluted with diethyl ether 
(50 mL) and filtered. The ethereal solution was washed successively with aqueous 
sodium bicarbonate (20 mL), water (20 mL) and brine (20 mL). The combined aqueous 
phases were extracted with diethyl ether (3 x 20 mL) and the combined organic layers 
were dried over anhydrous sodium sulfate and concentrated in vacuo. Chromatography 
on silica (8:1, hexanes/EtOAc, R^= 0.23) yielded lactone 483 (413 mg, 97%) as a 
colorless oil. 'H NMR (360 MHz, CDC13) 8 5.67 (s, 2H), 4.27 (s, 6H), 2.66-2.63 (m,




A suspension of lactone 487 (1.17 g, 3.27 mmol), f-butyl bromoacetate (1.06 mL, 7.19 
mmol) and activated zinc metal (1.17 g, 18 mmol) in THF (50 mL) were heated at reflux 
under a nitrogen atmosphere for 1 h. The solution was filtered and the solid was washed 
with diethyl ether (3 x 25 mL). The solution was transferred to a separatory funnel and
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washed with aqueous ammonium chloride (50 mL) and an aqueous solution o f  sodium 
bicarbonate (50 mL). The layers were separated and the combined aqueous phases were 
extracted with diethyl ether (3 x 25 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and concentrated in vacuo. Chromatography on silica (1:1, 
hexanes/EtOAc, R /=  0.18) yielded 490 (780 mg, 76%) as a colorless oil. ’H NMR (360 
MHz, CDCI3) 8 5.70-5.58 (m, 2H), 4.32-4.18 (m, 4H), 3.72 (t, 2 H ,J=  6.1 Hz), 3.37 (s, 
2H), 2.63-2.58 (t, 2 H ,7 =  7.6 Hz), 2.16-2.09 (t, 2H ,7=  7.6 Hz), 1.96 (t, 2H ,J =  5.8 Hz),
1.47 (s, 9H); l3C NMR (90 MHz, CDCI3) Resonances corresponding to both keto and 
enol forms include: 8 202.4, 166.3, 129.4, 129.3, 129.1, 104.4, 82.0, 81.8, 61.2, 61.1, 
60.9,58.7,57.6,50.6,45.1, 38.6, 37.8, 34:6, 31.6,28.2,28.1,28.0,27.9,26.7.
terf-Butyl 5-{2-[2-(terf-Butyl-dimethyl-silanyloxy)-ethyl|-4,7-dihydro-[l,3]dioxepin- 
2-yl}-3-oxo-pentanoate (492)
/erf-Butyldimethylsilylchloride (450 mg, 2.98 mmol) was added to a solution o f P-keto 
ester 490 (780 mg, 2.48 mmol) and imidazole (418 mg, 6.2 mmol) in THF (30 mL). The 
resulting mixture was allowed to stir at room temperature for 1 h. The mixture was 
diluted with diethyl ether (30 mL) and washed with water (50 mL). The layers were 
separated and the aqueous phase was extracted with diethyl ether (3 x 25 mL). The 
combined organic layers were dried over anhydrous sodium sulfate and concentrated in 
vacuo. Chromatography on silica (15:1, hexanes/EtOAc, R/ = 0.22) yielded 492 (934 mg, 
88%) as a colorless oil. 'H NMR (360 MHz, CDC13) 8 5.62 (s, 2H), 4.24-4.15 (m, 4H), 
3.67-3.61 (t, 2H, J=  6.7 Hz), 3.34 (s, 2H), 2.62-2.55 (t, 2 H ,J  = 7.5 Hz), 2.09-2.01 (t, 2H, 
J=  7.5 Hz), 1.93 (t, 2H, J=  6.7 Hz), 1.46 (s, 9H), 0.87 (s, 9H), 0.04 (s, 6H); ,3C NMR
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A solution o f 492 (822 mg, 1.92 mmol), triethylamine (0.53 mL, 3.84 mmol) and 4- 
carboxybenzenesulfonazide (570 mg, 2.5 mmol) in acetonitrile (10 mL) with stirred for 5 
h at room temperature. The reaction mixture was poured into saturated aqueous sodium 
bicarbonate (20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were dried over anhydrous sodium sulfate and concentrated in vacuo to yield 494 
(820 mg, 94%) as a yellow oil. lH NMR (360 MHz, CDCI3) 8 5.70-5.59 (m, 2H), 4.29- 
4.18 (m, 4H), 3.68 (t, 2H, J  = 7.0 Hz), 2.94-2.87 (m, 2H), 2.12-2.05 (m, 2H), 2.00 (t, 2H, 
J=  6.7 Hz), 1.53 (s, 9H), 0.88 (s, 9H), 0.05 (s, 6H); 13C NMR (90 MHz, CDCI3) 8  192.5, 
160.4, 129.4, 103.8, 83.0,61.1, 59.0, 35.5, 35.4, 28.3, 27.5, 25.9, 18.2, -5.4.
tert-Butyl l-[2-(terr-butyl-dimethyl-silanyloxy)-ethy!]-6-oxo-4-vinyl-2,9-dioxa- 
bicyclo[3.3.1]nonane-5-carboxylate (496)
A solution o f diazo substrate 494 (360 mg, 0.79 mmol) in benzene (10 mL) was added 
dropwise over 2 h to a refluxing solution o f Cu(hfacac)i (10 mg) in benzene (5 mL).
After the addition was complete the solution was allowed to reflux for an additional 1 h 
and then allowed to cool. The solution diluted with diethyl ether (20 mL) and washed 
with a saturated solution of sodium bicarbonate (20 mL). The layers were separated and 
the aqueous phase was extracted with diethyl ether ( 3 x 1 0  mL). The combined organic
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layers were dried over sodium sulfate and concentrated in vacuo. Chromatography on 
silica (15:1, hexanes/EtOAc, R /= 0.17) yielded 496 (136 mg, 40%). 1H NMR (360 
MHz, CDC13) 8 5.56 (ddd, l H , y =  8.2,11.0,16.5 Hz), 5.18-5.10 (m, 2H), 3.84 (dd, 1H,7 
= 5.8,11.6 Hz), 3.80-3.74(m, 2H), 3.66 (t, 1H,7= 11.3 Hz), 3.13 (ddd, l H , / =  6.1, 8.6,
11.0 Hz), 2.24-1.95 (m, 6H), 1.56 (s, 9H), 0.88 (s, 9H), 0.04 (s, 6H); 13C NMR (90 MHz, 
CDC13)5  194.3, 162.7, 131.9, 119.9, 106.3,88.9, 84.7,63.3,58.6,44.9,40.1,33.0, 28.0,
27.1,25.9, 18.2, -5.4.
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